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FOREWORD

By B. Ray Derr

Saff Officer
Transportation Research
Board

This report discusses geometric design consistency, particularly for rural roads. It
presents rules on geometric design consistency suitablefor usein an expert system such
asthe Interactive Highway Safety Design Model (IHSDM). The rules can also be used
directly by a designer to evaluate roadway designs or to conduct reviews of existing
roadways, improving design consistency and safety.

Consistency with drivers' expectations is a desirable property of roadway geo-
metric designs. On non-urban, two-lane roads, drivers expect to operate their vehicles
safely with relatively little mental effort. Geometric features that are atypical, have
extreme dimensions, or are combined with other featuresin unusual ways violate these
expectations; such features are termed geometric inconsi stencies. Geometric inconsis-
tencies can surprise the driver and reduce the safety of the road. Previous research has
identified geometric features (e.g., horizontal and vertical alignment changes, inter-
sections and driveways both channelized and unchannelized, lane drops, divided high-
way transitions, lane width reductions, shoulder width reductions and changesin com-
position) that may violate driver expectancy, particularly when they are located close
together.

Under NCHRP Project 15-17, the Texas Transportation Institute reviewed the
domestic and international literature on geometric design consistency and developed a
comprehensive list of geometric design features for high-speed rural two-lane roads
that can reduce geometric consistency or violate driver expectancy. They then identi-
fied the most critical roadway features or combinations of features and considered how
they might affect driver performance. A data collection and analysis plan was devel-
oped to formulate rel ationships between key parameters of the features and driver per-
formance.

At this stage of the project, it was decided that quantitative relationships could
probably not be developed. A different course—developing rulesfor an expert system
(particularly the IHSDM)—was chosen. The researchers identified the appropriate
form and structure for an expert system to evaluate design consistency and produced
the material required to support the expert system. After an expert review of these pro-
posed rules, they were evaluated using case studies of existing roadways.

In addition to setting out the proposed expert system rules, the report discusses
whether these rules could be applied to multi-lane highways and recommends text on
design consistency for the AASHTO Policy on Geometric Design of Highways and
Streets.
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GEOMETRIC DESIGN CONSISTENCY ON

HIGH-SPEED RURAL TWO-LANE ROADWAYS

SUMMARY

The objective of the research was to develop guidelines that designers can use to
improve the geometric design consistency on high-speed, non-urban, two-lane road-
ways. The research scope was intended to complement work done by FHWA that
focused primarily on speed consistency. The inclusion of other geometric design ele-
ments (e.g., lane width reductions, lane drops, and driveways) addresses abroader range
of inconsistencies.

Because “ design consistency” isnot defined in AASHTO design guidelines, areview
of the literature was undertaken, and state DOTs and the research panel were surveyed
to determine how they would define “design consistency.” Based on the findings of the
survey and theliterature review, arecommended definition was devel oped: Design con-
sistency is the conformance of a highway’s geometric and operational features with
driver expectancy.

A telephone survey of design engineers, consultants, law enforcement personnel, and
accident reconstructionists was used to evaluate roadway features for their potentia to
influence design consistency. Using the findings of the survey and areview of thelitera-
ture, geometric features were selected for potential inclusion in design consistency rules.

Geometric features or elements having the potential to violate driver expectancy or
design consistency principleswere evaluated for usein arules-based consistency check.
Several approaches have been used in eval uating geometric design consistency; among
these approaches have been speed consistency, positive guidance, and driver workload.
Based on these approaches and the principles of design consistency reviewed in thelit-
erature, the basic structure of the consistency rules was established. The structure was
developed to include abrief background section on theissue, necessary modelsor algo-
rithms, warning levels, and text warnings (including potential remedial measures) for
the designers.

Based on the structure devel oped, design consistency rules were devel oped to notify
designers and engineers when the potential for driver expectancy violationsis present.
Following initial development, the design consistency rules were reviewed by the
research staff in a series of meetings, reviewed by the research panel, evaluated in three
case studies, and revised to their final recommended form.




CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

Thegoal of transportationisgenerally stated asthe safe and
efficient movement of people and goods (1). To achieve this
goal, designers seek to provide the safest and most efficient
designs that may practically be provided. The designer uses
many tools and techniques to analyze and develop these
designs, incorporating new information as it becomes avail-
able. Onetechnique used to improve safety on roadwaysisto
examine the consistency of the design. Designers are con-
cerned with and attempt to provide consistent designs because
these designs conform to the expectancies of the driver and
tend to operate with fewer failures and conflicts (2). To
develop aconsistent design, however, the designer must have
a good working knowledge of those expectancies.

Expectancy, in general, can be stated to represent a set of
possible probabilitiesregarding agiven situation (3). Those
probabilities are subjective and are based upon learned and
experienced events. Expectancy is a known determinant of
reaction time, signal detection, and vigilance. Because the
driving task involves all of these factors, attention must be
placed onthedriver’ s expectancies. An operational definition
of expectancy with regard to transportation has been given
by Ellis (4):

Driver expectancy relates to the observable, measurable fea-
tures of the driving environment which:

(1) Increaseadriver’sreadinessto perform adriving task in
aparticular manner, and

(2) Cause the driver to continue in the task until it is com-
pleted or interrupted.

A similar definition was provided by Alexander and
Lunenfeld (2):

Expectancy relates to adriver’s readiness to respond to situ-
ations, events, and information in predictable and successful
ways.

Several major research efforts have attempted to learn
about (and to provide information to designers about) design
consistency and driver expectancy. Theinformation hastaken
several forms—mainly, consistency checklists, speed con-
sistency, and driver workload. These are summarized as
follows:

» Consistency checklists may be based on subjective
judgment, on empiricaly derived measures, or some com-
bination of thetwo. These checklistsare generally struc-
tured to call designers' attention to aspects of the
design that affect consistency in such a manner as to
meet other criteriayet still present apotential safety risk.

» Speed consistency measures have generally been con-
structed from empirically based measures; theintent gen-
eraly isto achieve one or more of the following goals:
promote uniform vehicular speeds along the roadway,
reduce speed variability, or provide the meansto an iter-
ative process to enable designers to more closely match
predicted operating speeds and design speeds.

* Driver workload measures areintended to “ manage” the
workload on the driver so that amore consistent level of
effort isrequired on the part of the driver. Extreme fea-
tures, unusual features, or combinations of features are
examined for their influence on driver workload.

Rura two-lane highways have the greatest proportion of
crashes on the U.S. highway system. These crashes are fre-
quently attributed to either driver error or inadequate design.
Unfortunately, the definition of inadequate design is not
clear because a combination of factors can all be detrimen-
tal to aroadway design that meetsor exceedsdesign standards.
Although designers attempt to address these issues, there
has been concern that designers are not doing enough to
address them. Additionally, increased speeds on roadways
have reduced the amount of reaction time availableto drivers,
further increasing the potential for driver error.

The development of consistent design practices has been a
goal since at |east the 1930s. Barnett devel oped the concept of
design speed to ensure consistency (5). The design speed con-
cept has undergone several modifications in recent years, but
the underlying theory still exists—roadway alignments should
meet or exceed the criteriafor agiven design speed. Although
sound in theory, problems have developed with the design
speed concept in its current form. Design requires alignment
features to be developed individualy. Difficulties arise when
designers do not consider the roadway as a single element
consisting of several parts—the driver, geometry, and envi-
ronment. Conceptually, abreakdown in any one of these parts
resultsin alocation with a high potential for crashes. Design-
ers cannot control two of these el ements, but may account for



them through the geometry. A relationship exists between
traffic safety and geometric design consistency, and align-
ment consistency represents akey issuein modern highway
geometric design. A consistent alignment will alow most
drivers to operate safely at their desired speed along the
entire alignment.

Existing design speed-based alignment policies in
AASHTO’s A Policy on Geometric Design of Highways and
Streets (referred to as the Green Book) encourage the selec-
tion of design speedsthat are”. . . consistent with the speeds
that drivers are likely to expect on a given highway facility”
and that “fit the travel desires and habits of nearly all drivers
expected to use a particular facility” (6).

Researchers in the United States and other countries have
focused on devel oping methods to account for problems asso-
ciated with design consistency. The principal focusin most of
these studies has been on devel oping measures or techniques
to identify locations that may pose expectancy problems for
the driver. The measures most commonly used have focused
on driver expectancy, speed prediction, or driver workload.

RESEARCH OBJECTIVES AND SCOPE

The objective of the research was to develop guidelines
that designers can use to improve the geometric design con-
sistency of roadway features on high-speed, non-urban, two-
lane roads. The guidelines are suitable for identifying spe-
cific problem locations and for analyzing alternative designs
for new locations and for reconstruction projects.

The scope of the proposed research was carefully defined
in relation to the effort conducted by the same research team
inthe FHWA study, Design Consistency Evaluation Module
for the Interactive Highway Safety Design Model (IHSDM).
The FHWA study focused on geometric design consistency
issuesrelated to horizontal and vertical alignment. The prod-
uct of that effort was a design consistency evaluation proce-
dure that could be implemented as part of the IHSDM, a
computer tool being developed for use by designersin con-
junction with commercial computer-aided design (CAD)
systems (7). TheIHSDM allows designersto identify design
inconsistencies and to change the design so asto eliminate or
minimize those inconsistencies and then to apply the design
consistency procedures again to verify the improvement.

Thework in NCHRP Project 15-17 differsfrom the FHWA
project intwo key ways. First, the scope of the NCHRP proj-
ect is more inclusive and has addressed a broader range of
potential inconsistencies. In addition to horizontal and verti-
cal alignment issues, the NCHRP research addresses other
geometric features, such asintersections and driveways, lane
drops(i.e., climbing or passing lane terminations), lanewidth
reductions, shoulder width reductions, and changesin shoul-
der type and material. Despite the focus on these new factors,
the findings of the FHWA work concerning horizontal and
vertical alignment have been incorporated in the NCHRP
results, and the research team has been alert for interactions
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between horizontal and vertical alignment and the new fac-
tors being considered.

The second key difference between the current FHWA
project and the NCHRP work isthat the results are presented
inthe form of published guidelinesrather than in the form of
a computer program. Although the computerized IHSDM
design consistency module will be a powerful and, it isto be
hoped, widely used toal, it is aso important for geometric
design consistency guidelinesto reach engineerswho are not
working in a CAD environment. Published guidelines pro-
vide atool for the following uses: application in the field or
where no computer is available, diagnosis of existing sites
and for application to small projectsnot performedinthe CAD
environment, application by CAD users who do not have
access to the IHSDM, and training of al types of engineers
inthe principles of design consistency. The published guide-
lines can also provide a basis for implementing consistency
guidelinesin the design policies of individual highway agen-
ciesand in the AASHTO Green Book.

RESEARCH APPROACH

The general approach to this research was to investigate
design consistency with respect to the design of high-speed,
rural, two-lane roadways. The research included the follow-
ing activities:

+ Conduct of acritical review of the literature concerning
design consistency and driver expectancy. The effort
focused on identifying and reviewing literature related
to factors other than horizontal and vertical alignment
and on identifying resources, including research results
and databasesfrom other recently completed or ongoing
studies.

» Development of acomprehensivelist of geometric design
featuresthat influence design consistency, identification
of the most critical features and/or combinations of fea-
tures that affect driver performance, and identification
of those aspects of those featuresthat may lead to incon-
sistencies. In addition to review of the literature, a sur-
vey of design engineers, consultants, law enforcement
personnel, and accident reconstructionists was under-
takento develop and refinethelist of influenceson design
consistency.

» Development of measures of effectiveness that can be
used to assess the design consistency of various road-
way geometric elements.

» Development of an acceptable definition for the term
“design consistency.” A survey of state DOTs was con-
ducted to ascertain reactions to definitions found in the
literature and devel oped by researchers. Alternative def-
initions were also sought in the survey.

» Development of guidelinesfor usein evaluating design
consistency on high-speed, non-urban, two-lane road-
ways. The guidelines address various design consistency



problems and present background material to support
the conclusions and recommendations. The guidelines
also provide examples of design consistency problems,
critical causal factors, and recommended countermea-
sures that have proven effective.

Preparation of the guidelines so as to support the devel-
opment of an expert system capabl e of reviewing designs
for consistency.

Conduct of pilot tests using the completed guidelines.
Evaluation of the guidelines for their applicability to
high-speed multilane facilities, with partia or no control
of access.

ORGANIZATION OF THIS REPORT

The remainder of thisreport consists of three chapters and
five appendixes. Chapter 2 summarizes the findings of the
study. Chapter 3 provides the form and structure of the rules
system devel oped and the design consistency rules. Chapter 4
summarizes the conclusions of the study and provides sug-
gested changes for the AASHTO Green Book (6).

The appendixes elaborate on the literature review, geo-
metric design features that influence design consistency, the
survey on definitions, the case studies, and the recommended
changes to the AASHTO Green Book.




CHAPTER 2
FINDINGS

Several efforts were undertaken to review design consis-
tency and its application to two-lanerural roadways. A review
of the literature, a survey on geometric features that could
influence design consistency, and a survey on the definition
of “design consistency” were conducted.

Design consistency isatool or measure used to evaluate
or modify roadway designsfor consistency with driver expec-
tancy. Features should be considered from the viewpoint that
they affect driver decision-making or ability. Inclusion of par-
ticular geometric features in a design consistency methodol-
ogy is contingent on at least two issues:

» Does afeature affect driver response or behavior?
» Doesachangeinthat featureresult in achangein driver
response or behavior?

LITERATURE REVIEW

A review of theliteraturerelated to design consistency was
undertaken. Theliterature review is presented in Appendix A,
although specific findings areincluded elsewherein this chap-
ter where appropriate.

SURVEY ON GEOMETRIC DESIGN FEATURES

A survey was undertaken to review geometric design fea-
tures that could influence design consistency. Design engi-
neers, consultants, law enforcement personnel, and accident
reconstructionists (17 in total) were contacted and surveyed
via telephone. The survey provided the respondents’ views
on the geometric features most critical for design consistency
purposes.

A list of roadway features (e.g., vertical curve and pave-
ment cross-slope) or feature aspects (e.g., radius of horizon-
tal curve and intersection skew angle) was developed for the
survey. The features were rated on a scale of 1 to 10 (1 as
least influential and 10 as most influential); a score of 0 was
assigned when respondents did not believe the feature had an
influence on design consistency. Thefeatures average scores
are provided in Table 1.

Thefeatures had an overall averagerating of 3.7, although
arelatively clear demarcation was present between features
commonly indicated to have a high influence on design con-

sistency and those thought to have alow influence on design
consistency. Several rating schemes were evaluated. The
research team was concerned that individualsrating afeature
at 10 could unduly influence the combined rating scores and
that “mediocre” elements that received middle scores from
most respondents also could have an undue influence. As a
compromise, a ratings scheme based on whether a feature
had an average rating of 5 or more and received multiplerat-
ings of 10 resulted in the following features being selected
for further evaluation:

 Driveways (access points);
+ Sight distance, i.e.,
— Along the roadway and
— At anintersection;
» Superelevation;
» Passing lanes at an intersection;
* Combined features, i.e.,
— Horizontal and vertical curves,
— Vertical curve and intersection, and
— Vertical curve, horizontal curve, and intersection; and
 Traffic control devices, i.e.,
— Lane markings (e.g., paint and buttons),
— Passing/no passing markings,
— Lane marking transitions.

Other featureswith above average ratings and multiple rat-
ings of 9 or above included the following:

* Intersection presence in general;
» Shoulder presence in general;
+ Obstructions along theroad, i.e.,
— Visua obstruction and
— Impact problem; and
» Combined feature: horizontal curve and an intersection.

SELECTION OF ELEMENTS FOR FURTHER
STUDY

One approach to the development of alist of features that
warrant further study would be to focus on those elements
that appear to influence successfully used consistency mea-
sures of effectiveness (MOES) yet have not had their influ-
ence on those MOEs fully analyzed. Based on that criterion,



TABLE 1 Elementsin telephone survey

General Elements

6.1 Driveways (access points)

4.8 Topography (mountainous/rolling/plains)
14 Tangent length (length of straight section)
16 Cross-slope (slope across the roadway)

Sght Distance
5.8 Inadequate vs. adequate
35 Along aroadway

59 At an intersection

Intersections

4.4 Presence in general

45 Skew angle (crossing angle)

24 Channelization

29 Lighting

2.7 Speed change lanes (decel eration/accel eration
lanes)

39 Spacing between intersections
31 Left turn lane offset
2.8 Left turn lane length

Median

19 Presence in general

20 Type

19 Width

21 Transition from no median to median
24 Transition from median to no median

Vertical Curve

24 Presence in general
19 Sag

4.2 Crest

4.4 Sharpness

24 Length

Horizontal Curve

4.1 Presence in general 2.0 Advisory speed limit signs

5.0 Radius 3.2 Regulatory speed limit signs

35 Deflection angle (bend) 2.8 Guide signs (destination/route signs)
3.0 Length

4.8 Superelevation (banking)

5.5 Vision through curve

Passing Lanes

4.2 Presence

29 Transitions

3.9 Length

49 Presence at intersection

Shoulder

39 Presence

3.2 Type (paved/gravel/grass)

34 Width

Obstructions along the Road

4.2 Presence in general

55 Visual obstruction

34 Impact problem

24 Continuous (berms, barriers, etc.)
3.2 Intermittent (trees, rocks, shrubs, etc.)
Drainage Structures

24 Ditch or channel along the roadway
2.6 Ditch or channel crossing the roadway
19 Ditch shape

Combined Features

5.4 Horizontal and vertical curves

5.6 Horizontal curve and an intersection

6.5 Vertical curve and an intersection

7.1 Vertical and horizontal curve and an
intersection

Traffic Control Devices
4.2 Lane markings (paint, buttons, etc.)

49 Passing/no passing markings

3.2 Lane marking transitions

38 Intersection delineation

31 Lane assignment signs (allowed use) at
intersections

it would appear that horizontal and vertical curves could be
selected for further study based on their demonstrated influ-
ence on speed (7).

In Fitzpatrick et a.’s study (7), the development of rec-
ommended equations for various combinations of horizontal
and vertical curveswas used to devel op regression equations
to predict 85" percentile speed on roadway segments. The
results from 22 sites that included limited sight distance ver-
tical curvesand horizontal curveswere used to devel op regres-
sion equationsfor predicting speed. Theonly significant vari-
able found was radius, however.

Additional input to the sel ection of geometric elementsfrom
currently used consistency measuresin theliterature and prac-
tice would emphasize those elements that influence speed.
Other geometric elements found to influence speed include
lane and shoulder width. Further studies examining their influ-
ence on speed could be productivein adding to current know!-
edge regarding speed consistency. Sight distance could be a
measured characteristic in some of the studies, as appropri-

ate. Based on previous work, horizontal curve radius is a
focal point. It received arelatively high averagerating (5.1),
with 1 rating of 10 and 3 ratings of 8.

SURVEY ON DESIGN CONSISTENCY
DEFINITION

Developing arecommendation for the definition of design
consistency was considered necessary because there was
no widely acknowledged definition in the field of transporta-
tion. Surveys were distributed to the U.S. state DOTs and
transportation researchers. Of the 99 surveys sent, 53 were
returned, for a return rate of 54%. Surveys were returned
from 32 state DOTSs.

The survey asked the following question about the defini-
tion of design consistency: “Which of the following defini-
tions is the closest to your preferred definition?” Five pre-
pared definitions were provided; space was also provided for



alternative definitions and comments. Table 2 summarizes
the responses and lists the number of respondents preferring
aparticular definition, aswell asareview of common phrases
and ideas included in the alternative definitions.

Many of thealternative definitionsdid not vary greatly from
those included in the survey, frequently using phrases com-
bined from two of the provided definitions. The most common
factors in the alternatives were “avoidance of abrupt change”
and referring to similar highways or sections of highways.

Preference for a definition referring specifically to speed
uniformity wasrelatively low and was expressed by only three
respondents. Of those three, two referred to operating speed
and one to design speed. One respondent preferred the defi-
nition that referred to limiting driver workload.

Theinclusion of referenceto a“similar roadway” or “sec-
tion of highway” is attractive, but the intent of that phrase
appears to be embedded within the phrase “driver expec-
tancy.” Driver expectancies are based on their experiencesin
the immediate past and over their driving careers. Definitions
that include terms regarding highway “sections’ are problem-
atic for that reason; achieving an acceptable definition of a
“section” appears unlikely aswell. Driver expectancy is adap-
tive, with modifications of that expectancy based on facility
type and region. “Abrupt change” is another phrase that
would appear to be potentially useful, but itsinclusion would
not appear to add substantially to the recommended defini-
tion. Reference to a specific measure of effectiveness would
appear to be unreasonably limiting and is thus not preferred,
although it could simplify any proposed system.

The recommended definition for design consistency is as
follows:

TABLE 2 Summary of survey responses

Design consistency isthe confor mance of a highway’ sgeo-
metric and operational featureswith driver expectancy.

This definition can be applied to awide range of conditions
(i.e., horizontal alignment aswell asintersections) becauseit
isnot limited to asingle measure or type of measure and was
preferred by the largest number of respondents. Acceptance
was by no means universal, but this definition appeared to be
the most applicable with regard to using multiple measures
of effectiveness and various situations.

METHOD USED TO DEVELOP RULES

Following completion of the consistency survey and review
of the literature, a series of meetings was held to develop and
then review the design consistency rules. The interaction
between researchers was used to develop and refine insight
into design consistency and the i ssues under review.

In the first meeting, the research team reviewed the results
of the design consistency element survey and the literature
review. The form and structure of the consistency check sys-
tem were developed, setting preliminary criteriafor inclusion
in the consistency rules system, measures of consistency, and
the nature of warning messages to be provided. The research
team also developed apreliminary list of elementsto be exam-
ined for their consistency. Priorities were also set for the
individual elements, providing a measure of the research
team’s view of the potential for the impact of the elements
on design consistency measures. The individual elements

roadways,” or other wording

misinterpretation”

Number of Definition
Respondents
19 ...the conformance of a highway's geometric and operational features with driver expectancy.
4 ...the avoidance of abrupt changes in geometric features for continuous highway elements and
the more careful use of design elements to meet driver expectancies.
4 ...the agreement of the geometric and operational aspects of the roadway with driver
expectancy.
3 ...the similarity in appearance and function of roadway features to previous features encountered
by the driver.
3 ...the lack of abrupt changes in geometric features that might affect driver behavior for
contiguous highway elements and design elements in combination.
19 These respondents provided alternative definitions. Most used terms or phrases from the

definitions provided, with some additional material or combination of definitions. Of those 19:
» 5 used the phrase “avoidance of abrupt changes” in relation to operations, meeting

expectancy, or adversely affecting driver behavior

6 referred to a “ given section of roadway,” “given environment,” “similar

3 included the phrase “similarity in appearance” of roadway features
3 respondents joined together in recommending “ An arrangement of highway
features that minimize the potential for adverse driver reactions due to surprise or

3 respondents joined together in recommending “The avoidance of abrupt changes
in geometric and operational features for continuous highway design elements and
the careful selection of design elements that meet driver expectancies’

2 referred to speed, referring to “consistent with an appropriate design speed” and

“such that uniform operating speeds are observed”
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were then assigned to the members of the research team for
further investigation.

Following research panel review of the consistency rules
formand structure and apreliminary list of included el ements,
researchers developed preliminary rules for review by the
project team. Following a review period, the research team
held a second meeting_to present and discuss the consistency
rules. Severa were substantially modified or eliminated on
the basis of the findings of the researcher presentations.

A third meeting was held to finalize the preliminary rules,
with further discussion and review of the basis and nature of
therules. Next, the ruleswere submitted for panel review and
comment. The rules consist of the following:

» Background section regarding the nature of the incon-
sistency;
» Models or tables needed to evaluate the inconsistency;
* Warning levels, i.e,
— Level 2 warning—lower severity and
— Level 1 warning—higher severity; and
+ Potential remedial treatments.

The case studies, presented in Appendix D and summarized
below, aso provided an opportunity for review and modifica
tion of therules.

CASE STUDY RESULTS

Following the development of draft design consistency
rules, three case studies were completed. The sites were
selected to meet the following criteria:

* Ralling terrain,

* Moderate traffic volumes,
* Rural conditions, and
 High-speed traffic.

State DOT personnel in two states (i.e., Oklahoma and
Texas) were contacted to obtain information regarding can-
didate sites. Test sections 5—7 km [3—4.5 mi] were selected
for evaluation. The research team examined the roadways by

+ Reviewing construction plans,

* Videotaping the roadway segment;

* Locating driveways, and

» Measuring speeds of 100 free-flow vehicles using laser
gunson relatively flat, straight sections of the highways.

Each of the roadways triggered Level 2 warnings related
to driveway spacing and offsets, indicating moderate incon-
sistencies. Theruleswere later modified to eliminate (1) field
entrances (infrequently used entrances to agricultural areas)
and (2) driveways at residences from the criteria established
for the rule, because of the unlikelihood of vehicles arriving
at similar times at these types of infrequently used driveways.
Using the modified criteria, the warningswould not have been
triggered.

Each of the roadwaystriggered Level 2 warningsrelated to
the lack of passing opportunities. Substantial platoons were
apparent on the roadways, although a formal study of the
roadways passing operations was not undertaken. The road-
way examined in Case B isunder consideration for theinstal-
lation of passing lanes in improvements planned for the near
future.

Test Case A had one location that met the Level 2 warning
criteriafor frequency of decisionson roadway segments. Four
of the critical features were present within 450 m [1,500 ft].

Based on the use of the design consistency rulesin the case
studies, two modificationswere made to therules. Thedrive-
way separation and offset rules were modified to apply to
commercia and high-volume driveways. In response to panel
comments, the rule related to tight horizontal curves with
wide shoulders was modified to refer to shoulder widening
greater than current AASHTO recommendations that pro-
vide such widening under certain circumstances of pavement
width and traffic volume.




CHAPTER 3

INTERPRETATION, APPRAISAL, AND APPLICATIONS

The research team developed the form and structure for a
proposed expert system on design consistency. Based onwork
previously reported in the literature, a framework was estab-
lished to aid in the development of design consistency rules.

EXPERT SYSTEM FORM AND STRUCTURE

The research team devel oped the basis for an expert sys-
tem on design consistency to supplement work done by oth-
ers in the development of FHWA's Interactive Highway
Safety Design Model (IHSDM). In order to place the pro-
posed design consistency system into perspective, a brief
review of previously developed work on design consistency
is presented.

The development of an expert system that expands the
boundary of what is examined with regard to design consis-
tency is dependent on the definition of “design consistency”
and the comprehensiveness of the system. Research projects
in the past have sought to develop programs that review
design consistency either quantitatively (i.e., Messer, Mounce,
and Brackett’ sMethodol ogy for Evaluating Geometric Design
Consistency (8) or Fitzpatrick et a.’s Alternative Design Con-
sistency Rating Methodsfor Two-Lane Rural Highways (9)) or
qualitatively (i.e., Alexander and Lunenfeld’ s work on design
consistency (2)), with varying degrees of success.

Becausethe search for an easily defined and examined mea-
sure of effectiveness|eadsto aquantitatively based procedure,
an approach similar to the procedures of Messer, Mounce and
Bracket or Fitzpatrick et al. was preferred. Each of thesedesign
consistency proceduresisbased on readily measurablefactors,
and, in both cases, a single measure is produced to allow the
evaluation of the consistency of a roadway. Alexander and
Lunenfeld’ s approach differs from those procedures, focusing
on a more qualitative review of expectancy violations and
driver information needs. Each of these procedures has associ-
ated strengths and weaknesses, which will be reviewed briefly.

Messer, Mounce, and Brackett

This procedure, developed for two-lane rural highways,
attempts to rate individua features of the highway through
the use of laboratory and empirically developed curves and
tables, then modify those ratings by the use of factors based
on sight distance, driver unfamiliarity, feature expectancy,

carryover, and 85th percentile speed. The method has been
successfully validated in at least two instances (10, 11),
although concern has been raised over its applicability to
roadways with complex alignments. Because the rating for
each feature is dependent on and includes the influence of
previous factors based on similarity and proximity, ratings
for otherwise similar features may exhibit a wide range.
The measure returned in the procedureisa“Level of Con-
sistency,” ranging from A to F.

Concerns over the methodol ogy appear to be based in part
onthe“black box” nature of the curves and tablesthat are uti-
lized, which may lead to conclusions that do not match intu-
itive expectations about aroadway. The method has not been
adopted in a genera way.

Fitzpatrick et al.

This speed-based measure has been accepted by FHWA as
the basis for examining design consistency on two-lane rura
roadwaysinthe [HSDM (7). Variationsin speed are predicted
along an alignment, with warnings issued if speeds vary by
more than a set amount from the speed predicted in an
upstream roadway segment. The methodology is based on a
widely accepted premise that drivers do not expect to haveto
slow when driving on aroadway segment, and segments that
exhibit excessive slowing are expected to perform poorly.

The methodology has been validated in multiple research
projects and functionsin amanner similar to work being per-
formed in Europe.

The approach seemsto be founded on sound principles and
a readily observable measure and has been accepted widely
by the research community. The weakness of this approach
appears to be that few design characteristics significantly
influence speed other than horizontal curvature, even though
they may be considered to be classic examples of design
inconsistencies (e.g., narrow bridges). Although not widely
adopted in practiceat thispoint, it isexpected that thismethod-
ology will be used more generally asIHSDM isimplemented.

Alexander and Lunenfeld

Positive Guidance provides aqualitative way to assessthe
design consistency of aroadway through assessing informa-
tion needs and expectancy violations (2). A set of procedures
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is provided that assist the engineer in assessing roadways
from a driver information viewpoint. The use of checklists
and procedures attempts to lead the engineer through the
analysis and assists in devel oping countermeasures.

This procedure attempts to cover design consistency in a
broad, global manner and generally accomplishes this task
successfully. The procedure has been pilot-tested in anumber
of studiesthat are published in theliterature, and itsprinciples
have been successfully established in the research commu-
nity. Positive Guidance has been used asthe basisfor sections
of the Green Book regarding driver information needs and
processing.

SYSTEM STRUCTURE

The proposed expert system on design consistency focuses
on recognized consistency issues. The decision to include a
particular issue was based on the use of quantifiable measures
of those items and their influence on the driver. By basing the
system on quantitative, rather than qualitative, measures, the
system can bereadily included in checks of roadway designs.

In general, design consistency issues or concerns were
investigated if they

* Influence driver behavior in a quantifiable manner;

+ Arewithin control of the designer;

» Can be determined from computer aided design and
drafting (CADD) data or by user inquiry; and

» Are not checked by the current policy review module
(PRM), design consistency module (DCM) (currently
based on 85th percentile speed), intersection review
module (IRM), or other IHSDM module.

Based on engineering judgment, several general “trigger”
levelsfor judging the presence or influence of adesignincon-
sistency were devel oped:

+ Accident rate increases by 5% or more,

» Speed changes greater than or equal to 5 km/h [3 mph]
occur, or

 Lane position changes by more than 0.3 m [1 ft].

Driver workload was aso considered, in the form of
“Workload increases by X percent or more,” but the research
team was unable to determine a satisfactory specific trigger
or measure. Theuse of a“system” check wasincluded to pro-
vide a check for when multiple features occurring in prox-
imity could be a concern, although workload was not exam-
ined directly.

In each case, the trigger level would be used as an aid
regarding whether the design inconsistency affected driver
performance or behavior; just because a speed change
greater than 5 km/h [3 mph] occurs would not determine
whether a flag was raised to a designer. These levels are,

rather, a guide regarding whether an item should be consid-
ered for inclusion in the system. Where appropriate, warn-
ing levels corresponding to sight distance level changes of
10 km/h [6 mph] and 25 km/h [16 mph] were used for con-
sistency with the IRM.

The project materias (i.e., rules) developed consist of the
following:

1. Rulesto identify that a concern is present follow:

a. The concern and its source should be identified.

b. Quantitativeissueslikely to be caught by the policy
review or other modules should not be included.

c. Items should be categorized and like items put
together.

d. Items should be prioritized.

e. Problems normally should be flagged only if the
obvious defect is made worse by another condition.

f. Concerns should generally be in multiple levels,
with expression of the level of concern provided.

g. Engineering judgment and available literature
should be used to identify levels of concern to pro-
vide the best available information.

2. Where concerns are present, identify an appropriate
solution.

3. Identify complicating factors(e.g., sight distanceis prob-
ably a common factor for many problems and issues).

Each concern has amodel that may be one of the following:

» A formula, an algorithm, etc., leading to a scale.
« A traditional engineering model or new, different
model.

Flags may not require a change in the design, but do call
attention to an issue. Input data would typically be available
in a CADD system, although a user query may be required
for someissues (i.e., 85th percentile speed).

A flow chart was devel oped to provide further information
regarding the structure of the expert system being devel oped
(seeFigure 1). The chart illustrates how the system will obtain
information, process it, interact with the user to evaluate
design consistency, and suggest improvements on roadway
projects.

Each inconsistency item is being developed to include the
following:

* Nature of the problem;
» Applicable model(s);
* Input data needed from CAD or user;
* Threshold values for comparison with designs; and
* Feedback for user
— Nature of the inconsistency,
— Influencing factors and their relationship with the fea-
ture, and
— Potential remedial actions or treatments.
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-Potential remedial
actions

Does the user
want more
information?

Figurel. Flow chart showing system structure.

Table 3 liststhe names of the consistency rules devel oped.
Items are generally grouped under an area such as“Horizon-
tal Alignment,” but issues that involve more than one cate-
gory are assigned to one particular category to ensure that
adequate consideration is made when multiple factors are
involved.

These categories clarified the design consistencies consid-
ered and provided aframework for the system devel oped. Indi-
vidual featureswere not considered for rating because (1) their
presence was thought to be obviousto the designer or (2) their
characteristics are generally already measured and evaluated
by other material (e.g., the radius for a horizontal curveis
already examined by the policy review module).

RULES

1. Rules for Assessing the Consistency of
Geometric Features Related to Cross
Section

Several cross-section elements (e.g., lane width and shoul-
der width) clearly influence safety. Changesin those elements
violate driver expectancy and increase crash risk. The follow-
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ing rules would be applied to identify inconsistencies related
to cross section on two-lane highways for the following
conditions:

* Reduction in lane width,

» Reduction in shoulder width,

+ Lane drop with major driveway, and
» Magjor driveway and lane addition.

[Thefollowing cross-section inconsistenciesare covered under
other proposed rules:

* Preview sight distance to reductionsin lane width,

* Preview sight distance to reductions in shoulder width,
* Preview sight distance to lane drop,

* Preview sight distance for lane addition, and
 Climbing lane not carried over crest of hill.]

1.1 Reduction in Lane Width

Narrow lanes are associated with increased run-off-the-road,
head-on, opposite-direction sideswipe, and same-direction
sideswipe accidents. Reductionsin lane width associated with
a greater than 5% increase in accident risk are flagged as
inconsistencies.

Theincreasein accident risk isbased on accident modifica
tion factor (AMF) models devel oped for the IHSDM accident
prediction module (12) to predict the expected safety perfor-
mance of rural two-lane highways. The algorithms combined
elements of historical accident data, predictions from statis-
tical models, results of before-after studies, and the judgments
of experienced engineers. As part of the research, an expert
panel of engineers developed AMFs for specific geometric
design and traffic control features. The base value of each
AMF is 1.0. Any feature associated with a higher accident
experience than the base condition hasan AMF with avalue
greater than 1.0, and any feature associated with lower acci-
dent experience than the base condition has an AMF with a
value lessthan 1.0.

Thesefactors provide an estimate of the changein accident
potential when compared with abase condition. Table 4 pro-
vides the models (illustrated in Figure 2). Specific rules for
reduction in lane width follow.

1.1.1 Level 2 Warning. When AMF is predicted to
increase by 5% or more, the following message is displayed
to the user:

Thelanewidth in the section from XX + XX to YY + YYis Z ft
less than in the upstream section. The accident risk associ-
ated with lane width is predicted to increase by N percent in
this section. Consideration should be given to increasing the
lane width.

If the lane width cannot be increased, consideration should
be given to the use of enhanced markings or signing to alert
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TABLE 3 Rulesdeveloped for a design consistency expert system

Cross Section
Reduction in lane width
Reduction in shoulder width
Lane drop with mgjor driveway
Major driveway and lane addition

Horizontal Alignment
Tight horizontal curve with wide shoulders

Vertical Alignment
Steep downgrades

Highway-Railroad Grade Crossings
Highway-Railroad grade crossing with intersection nearby

Bridges
Narrow Bridges

Driveways
Access points or frequency of driveways
Minimum separation between driveways
Offset opposing driveways

Sight Distance
SSD on the approaches to key roadway features
DSD on the approaches to key roadway features

Passing Lanes
Climbing lane needed but not provided
Climbing lane not carried over crest
Insufficient passing opportunities
Passing lane too short
Passing lane too long
Passing lane addition channels slow vehiclesinto left lane

Frequency of Decisions on Roadway Segments

Clustering of features:

e Intersection
Major driveway
Railroad-highway grade crossing
Beginning or end of a horizontal curve with radius less than 800 m [2,600 ft]
Vertical curve with available SSD less than that given in the Green Book for a
design speed equal to 20 km/h [10 mph] less than the roadway operating speed
School zone
Narrow bridge (curb-to-curb width less than the roadway approach including

paved shoulder)

Change in posted speed limit
Lane addition

Lane drop

Lane width reduction by 0.6 m[2 ft] or more
Shoulder width reduction by 1.2 m [4 ft] or more

drivers to the narrower lanes. Provision of W5-1 (ROAD
NARROWS) signs, edgelines (if none are present), wider
edgelines, raised pavement markers on the centerline or
edgeline, or roadside delineators should be considered.

1.1.2 Level 1 Warning. When AMF is predicted to
increase by 10% or more, the following messageisdisplayed
to the user:

Thelanewidth in the section from XX + XX to YY + YYis Z ft
less than in the upstream section. The accident risk associ-
ated with lane width is predicted to increase by N percent in
this section. Strong consideration should be givento increas-
ing the lane width.

If the lane width cannot be increased, consideration should
be given to the use of enhanced markings or signing to alert
drivers to the narrower lanes. Provision of W5-1 (ROAD
NARROWS) signs, edgelines (if none are present), wider

edgelines, raised pavement markers on the centerline or
edgeline, or roadside delineators should be considered.

1.2 Reduction in Shoulder Width

Narrow shoulders are associated with increased single-
vehicle run-off-the-road accidents. Reductions in shoulder
width that are associated with a greater than 5% increase in
accident risk are flagged as inconsistencies.

The increase in accident risk is based on AMF models
developed for the IHSDM accident prediction module (12).
Table 5 provides the base models, as derived from Figure 3.

Changes in the traveled way width to accommodate hori-
zontal curves as described in the AASHTO Green Book (in
Exhibits 3-50 through 3-52) should not be considered when
evaluating the consistency of shoulder width changes. Spe-
cific rules for reduction in shoulder width follow.
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TABLE 4 Accident maodification factor modelsfor lanewidth (12)

Accident M odification Factor
Lane Width ADT<500 500<ADT<2000 >2000 ADT
AMF=1 AMF=1 AMF=1
3.6m[12ft]
AMF=1.01 AMF=0.000025* ADT+1.0 AMF=1.05
3.3m[11ft]
AMF=1.02 AMF=0.000175* ADT+0.95 AMF=1.30
3m[10ft]
AMF=1.05 AMF=0.00028* ADT+0.94 AMF=1.50
2.7m[9ft]
1.70 - percent in this section. Consideration should be given to
160 increasing the shoulder width.
1.50 9-ft lanes

1.50 10-ft lanes

1.05 11-ftlanes
1.00 - T ; ; ~1.00 12-ft lanes

0 500 1000 1500 2000 2500 3000
Average Daily Traffic Volume (veh/day)

Accident Modification Factor
-
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o

Norte: Thisfactor applies to single-vehicle run-off-road, multiple-vehicle same-

direction sideswipe accidents, and multiple-vehicle opposite-direction accidents.
Figure2. Accident modification factors for lane

width (12).

1.2.1 Level 2 Warning. When AMF is predicted to
increase by 5% or more, the following message is displayed
to the user:

The shoulder width in the section from XX + XX to YY + YY
is Z ft less than in the upstream section. The accident risk
associated with shoulder width is predicted to increase by N

If the shoulder width cannot be increased, consideration
should be given to the use of enhanced markings or signing
toalert driversto the narrower shoulders. Provision of edge-
lines (if none are present), wider edgelines, raised pavement
markers on the centerline or edgeline, or roadside delin-
eators should be considered.

1.2.2 Level 1 Warning. When AMF is predicted to
increase by 10% or more, thefollowing messageisdisplayed
to the user:

The shoulder width in the section from XX + XX to YY + YY
is Z ft less than in the upstream section. The accident risk
associated with shoulder width is predicted to increase by N
percent in this section. Srong consideration should be given
to increasing the shoulder width.

If the shoulder width cannot be increased, consideration
should be given to the use of enhanced markings or signing
toalert driversto the narrower shoulders. Provision of edge-
lines (if none are present), wider edgelines, raised pavement
markerson the centerline or edgeline, or roadside delineators
should be considered.

TABLES5 Accident modification factor modelsfor shoulder width (12)

Accident M odification Factor
Shoulder Width

ADT<500 500<ADT<2000 >2000 ADT

24m[8ft] AMF=0.98 AMF=-0.000069* ADT+1.0075 AMF=0.98
1.8m[6ft] AMF=1.00 AMF=1.0 AMF=1.00
1.2ml4ft] AMF=1.02 AMF=0.000081* ADT+0.99 AMF=1.15
0.6 m[2ft] AMF=1.07 AMF=0.00014* ADT+1.01 AMF=1.30
0m [0 ft] AMF=1.10 AMF=0.00025* ADT+1.0 AMF=1.50




'_\
~

1.60 A

1.50 O-ft shoulders
1.50 A
1.40 A

1.30 2-ft shoulders
1.30 A

1.20 A
1.10 4

1.15 4-ft shoulders

1.00 6-ft shoulders

1 V102 .
0.90 0.98 0.87 8-ft shoulders

0.80

Accident Modification Factor

T T 1
0 1000 2000 3000

Average Daily Traffic Volume (veh/day)
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same-direction sideswipe accidents, and multiple-vehicle opposite-direction
accidents.

Figure3. Accident modification factors for shoulder
width (12).

1.3 Lane Drop with Major Driveway

Lane drops cause drivers to switch lanes. Erratic maneu-
vers are more likely in these areas, and drivers may be more
likely to leave the roadway through error or in an emergency.
Because vehicles exiting the roadway at a driveway slow or
stop, driveways should not be located within or immediately
downstream of lane drops.

The model compares the distance between the downstream
transition point and any driveways within a threshold dis-
tance corresponding to the appropriate 85th percentile speed
(seeTable6). Thetableisconsistent with AASHTO stopping
sight distance values (6) reduced by 25 km/h. Any major
driveways (l€eft or right side) within either the transition area
or the downstream threshold distance from Table 6 will be
subject to thewarning message bel ow, as appropriate. Because
driveways are not always readily movable and may be

TABLE 6 85th Percentile speed versus driveway
threshold distance (6)

85" Per centile Speed, km/h Driveway Threshold
Distance, m
50 25
60 38
70 55
80 73
0 94
100 117
110 142
120 170
130 199
Note: 1 km/h=0.62 mph, 1 m=23.28 ft

installed later in the area of the transition anyway, only a
Level 2 Warning message is generated. Specific rules for
lane drop with major driveway follow.

1.3.1 Level 2 Warning. Either (1) a left- or right-hand
driveway is present within the transition area and is within
the clear zone or (2) the distance between the end transition
point and aleft- or right-hand driveway correspondsto drive-
way threshold distances provided in Table 6. Figure 4 illus-
trates the areas of concern. The following message will be
displayed to the user:

Consideration should be given to either moving the driveway
at station XX + XX or moving the lane drop transition so the
driveway is not in the lane drop transition or within Z [table
value corresponding to 85th percentile SSD value] of the
transition.

1.4 Major Driveway and Lane Addition

The presence of a major (i.e., high-volume) driveway in
the areaof alane addition may be associated with anincrease
incrashrisk. A lane addition isamaneuver point, and drivers
may not be expecting avehicleto slow down to enter adrive-
way immediately prior to the introduction of alane. Specific
rules for major driveway and lane addition follow.

14.1 Level 2Warning. When amajor driveway islocated
in the area of concern, the following message is displayed to
the user:

The location of major driveways in lane addition areas may
be associated with an increased risk of crash. Consideration
should be given to extending the auxiliary lane so the drive-
way at station XX + XX isnot located in the transition area
or relocating the driveway.

2. Rule for Assessing the Consistency of
Geometric Features Related to Horizontal
Alignment

The following rule would be applied to identify inconsis-
tenciesrelated to horizontal alignment on two-lane highways
for the following condition:

Driveway Threshold
| Transition Area | Distance |
i | |
Transition Area | Driveway Threshold|
Distance

Figure4. Areas of concern for driveways near lane drop.



+ Tight horizontal curve with wide shoulders.
Thisruleisdiscussed below.

[Thefollowing horizontal alignment inconsistenciesare cov-
ered under other IHSDM modules:

* Intersection on horizontal curve—Intersection Design
Review Module (IDRM);

» Sequence of curves and tangents (e.g., sharp curve fol-
lowing gentle curve and sharp curve after long tan-
gent)—Speed Consistency;

* Intersecting roads along projecting tangents—IDRM;
and

» Tangent to curve transition—Speed Consistency.

Thefollowing horizontal alignment inconsistency is covered
under other design consistency rules:

» Driveway on horizontal curve—Sight Distance Rule.]

2.1 Tight Horizontal Curve with Wide Shoulders

On tight horizontal curves, drivers need to drive more
dowly, while wide shoulders or lanes permit higher speeds.
The combination of tight horizontal curveswith wide shoulders
or lanes provides an inconsi stent message to drivers. The find-
ingsfromthe FHWA Design Inconsistency project can provide
the basis for arule to check for locations with tight horizontal
curves and wide shoulders or lanes. Tight horizontal curves
could be defined based on the amount of speed reduction they
would cause (which the design consistency module could pro-
vide) or they could be defined asbeing below aset radiusvalue,
such as 800 m [2,600 ft] or 250 m [800 ft]. When aradiusis
800 m [2,600 ft] or greater, the operating speeds on a horizon-
tal curvearevery similar to speedson long tangents (7). Operat-
ing speedson horizontal curveswith lessthan an 800-m[2,600-
ft] radius decrease with decreases in radius lengths and drop
sharply when the radius is less than 250 m [800 ft] (7). The
Prediction of the Expected Safety Performance of Rural Two-
Lane Highways FHWA report uses 3.6-m [12-ft] lanes and
1.8-m[6-ft] shoulders asthe nominal or base condition (12). In
consideration of the practice of pavement widening on hori-
zonta curves for trucks, this rule will check for changes in
shoulder width between the tangent and the horizontal curvein
excess of thevalueslisted in the Green Book Exhibits 3-51 and
3-52 (6). The Green Book Exhibit 3-51 uses radius of curve,
design speed, and roadway width to determinethetraveled way
widening for a WB-15 (WB-50) design vehicle, Exhibit 3-52
provides the adjustments for other design vehicles.

An inconsistency should be flagged when the following
conditions exist:

» Design consistency module determines that a speed
change >5 km/h [3 mph] exists and
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» Shoulder width is greater on the curve than upstream
segment by an amount that is greater than the value
listed in Exhibit 3-51 for WB-50 vehicles (or adjusted
by the value in Exhibit 3-52 if other design vehicleis
preferred).

Specific rules for tight horizontal curve with shoulders
follow.

2.1.1 Level 2Warning. Thefollowing message could be
displayed:

The horizontal curve at station XX + XX isatight horizontal
curve (with an associated speed reduction of ZZ). Its shoul-
der width of BB is greater than the upstream shoulder width
by an amount that isgreater than the amount of travel ed way
widening listed in the Green Book for the given radius, design
speed, and roadway width. This combination provides a
mixed message to the driver.

Potential treatmentsfor the horizontal curveinclude chevrons
and upstream war ning signs posted according to the Manual
on Uniform Traffic Control Devices (MUTCD).

3. Rule for Assessing the Consistency of
Geometric Features Related to Vertical
Alignment

The following rule would be applied to identify inconsis-
tencies related to vertical alignment on two-lane highways
for the following condition:

 Steep downgrades.
Thisruleis discussed below.

[The following vertical alignment inconsistency is covered
under other IHSDM modules:

* Intersection on crest curve—IDRM.]

3.1 Steep Downgrades

The MUTCD requirements for the Hill (W7-1) sign are
the criteria suggested for use to determine when a down-
grade should be a concern. Specific rules for steep down-
grades follow.

3.1.1 Level 2 Warning. The IHSDM should flag a warn-
ing when the following conditions exist:

» 5% downgrade that is more than 900 m [3,000 ft] in
length,

* 6% downgrade that is more than 600 m [2,000 ft] in
length,
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* 7% downgrade that is more than 300 m [1,000 ft] in
length,

+ 8% downgradethat ismore than 225 m [ 750 ft] in length,
or

* 9% downgradethat ismore than 150 m [500 ft] in length.

The following message could be displayed:

The downgrade(s) between station XX + xx and XX + xx has
a length and percent grade that require special precautions
on the part of the road user. The MUTCD states that a Hill
(W7-1) sign (either alone or in combination with a supple-
mental grade (W7-3) plaque) should be used in advance of
downgrades with a y% grade that is more than zzz metersin
length.

4. Rules for Assessing the Consistency
of Geometric Features Related to
Highway-Railroad Grade Crossings

The following rule would be applied to identify inconsis-
tenciesrelated to horizontal alignment on two-lane highways
for the following condition:

» Highway-railroad grade crossing with intersection
nearby.

Thisruleis discussed below.

[Thefollowing horizontal alignment inconsistency iscovered
under other design consistency rules:

 Preview sight distance to highway-railroad grade cross-
ing—Sight Distance Rule.]

TABLE 7 Design vehicle dimensions (6)

4.1 Highway-Railroad Grade Crossing with
Intersection Nearby

Railroad grade crossings with nearby intersections are rel-
atively common. If the intersection has traffic control that
requires stopping on the approach leg with the railroad grade
crossing, the intersection should be reviewed to determine
whether intersection sight distance is adequate at vehicle stop
positions. Those grade crossings with insufficient room to
store design vehicles between the intersections and the grade
crossing may present driverswith adifficult driving decision:
stop prior to the grade crossing or stop at the intersection
while blocking the grade crossing. Adequate sight distance
should be available at the point where the driver should stop.

A comparison is made of the clear distance between the
highway intersection and the railroad grade crossing to the
length of the design vehicle plus a margin (see Table 7); if
inadequate storage room is available, intersection sight dis-
tance checks should be made from the stop bar prior to the
highway-railroad grade crossing.

For those locations without sufficient clearance for the
selected design vehicle, the appropriate intersection sight
distance values should be computed from AASHTO models
(shownin cases A-Finthe AASHTO Green Book beginning
on page 658) for all permitted movements from the approach
leg in question, computed from the highway-railroad grade
crossing stop line. Specific rulesfor highway-railroad grade
crossing with intersection nearby follow.

4.1.1 Level 1 Warning. Thiswarning is provided when
insufficient room is available to store the design vehicle (2)
and insufficient intersection sight distance is available from
the stop bar prior to the highway-railroad grade crossing. The
following message could be displayed:

Design Vehicle Length | Margin | Total Space
(m) (m) Required (m)

Passenger car PC 5.8 3 8.8

Single unit truck SU 9.2 3 12.2
Inter-city bus BUS-12 12.2 3 15.2
Conventional school bus (65 passenger) S-Bus 11 10.9 3 13.9
Large school bus (84 passenger) S-Bus 12 12.2 3 15.2
Articulated bus A-BUS 18.3 3 21.3
Intermediate semitrailer WB-12 13.9 3 26.9
Intermediate semitrailer WB-15 16.8 3 19.8
Interstate semitrailer WB-19 20.9 3 23.9
Interstate semitrailer WB-20 22.4 3 25.4
“Double-Bottom” -semitrailer/trailer WB-20D 22.4 3 25.4
Triple-semitrailer/trailers WB-30T 32.0 3 35.0
Motor Home MH 9.2 3 12.2
Car and camper trailer 14.8 3 17.8
Car and boat trailer 12.8 3 15.8
Motor home and boat trailer 16.2 3 19.2
Farm tractor 4.9 3 7.9

Note: 1 m=3.28 ft




Sorage space between the intersection at station XX + XX
and the highway-railroad grade crossing at station YY + YY
isinadequate to store the design vehicle (Z) and intersection
sight distance is inadequate prior to the highway-railroad
grade crossing.

More storage space is recommended to permit storage
between the highway intersection and the highway-railroad
grade crossing or the available intersection sight distance
upstream of the grade crossing should be increased to meet
or exceed requirements. If providing more storage space is
impractical storage space signing should be provided asrec-
ommended in the MUTCD. If the intersection is signalized,
consideration should be given to providing an advance traf-
fic signal prior to the highway-railroad grade crossing that
is coordinated with the traffic signal at the intersection.

. Rules for Assessing the Consistency of
Geometric Features Related to Narrow
Bridges

A narrow bridge provides less recovery room, with poten-
tial for impact with barrier or opposing vehicles. When sight
distance is inadequate, drivers may arrive at the bridge at
higher speeds than they would be comfortable, given the
bridgewidth. For single-lane bridges, the sight distance should
be adequate for a driver to come to a complete stop prior to
crossing the bridge. The following rule would be applied to
identify inconsistencies related to narrow bridges on two-
lane highways:

+ Sight distance to a narrow bridge.

Thisruleis discussed below.

5.1 Sght Distanceto a Narrow Bridge

For the purposes of these rules, three categories of narrow
bridges have been identified (13):
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* Restricted Width (R.W.): If abridge’ swidthislessthan
7.3 m[24 ft] OR if it is less than the approach cross-
section width, it should be considered a“ restricted width”
bridge.

Low-Volume Single-Lane (L.S.): If abridge’swidthis
lessthan 5.5 m [18 ft], it should be considered a single-
lane bridge. A single-lane bridge with ADT < 400 vehi-
cles per day (vpd) is defined as alow-volume single-lane
bridge.

High-Volume Single Lane (H.S): It is a single-lane
bridge with ADT > 400 vpd.

There are no models available for directly predicting oper-
ating speed or desired speed at a narrow bridge. Thus, it is
assumed that the speed prediction factors used in the HCM
2000 for two-lane highway analysis can be used to predict
speeds on two-lane bridges as afunction of lane width reduc-
tion. It is stated in the HCM that base free-flow speed (FFS)
should reflect the character of the study facility in terms of
alignment and traffic conditions; however, no specific guid-
ance is provided for estimating it. Adjustment factors were
identified using the factorsfrom the HCM 2000 (see Table 8).

The procedure for checking inconsistency is as follows;

1. Estimate or input the speed at the bridge.

R.W.: Speed estimated as shown in Equation 1 below.
L.S.: Speed = 0 mph (to allow the vehicle to stop, if
there is another vehicle arriving from the opposite
direction).

H.S.: Speed = 0 mph (to allow avehicleto stop prior
to the bridge).

Using the HCM 2000 models, the speed at a narrow
bridge can be estimated as follows:
Speed at Bridge (FFS) = BFFS -, @

where

TABLE 8 Adjustment (f ) for lane width and shoulder width (14)

fLs (km/h)
Lane Width,
LW (m)
Shoulder Width, SW (m)
0<SW<06 06<SW<12| 12<SW<18 SW=>1.8
27<SW<30 10.3 7.7 5.6 35
30<SW<33 85 5.9 38 17
33<SW<36 75 4.9 2.8 0.7
LW=3.6 6.8 42 21 0.0
Note: 1 m=3.28 ft and 1 km/h = 0.62 mph
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FFS = estimated free-flow speed
BFFS = base free-flow speed
fus = adjustment for lane width and shoulder
width, from HCM 2000 Exhibit 20-5

The BFFS can be obtained based on the 85th per-
centile operating speed at the approaching segment and
will be estimated as follows:

(1) If the approaching segment has lanes equal to or
wider than 3.6 m [12 ft] and shoulders equal to
or wider than 1.8 m [6 ft], then the BFFS = 85%
approach operating speed.

(2) If the approaching segment has lanes narrower
than 3.6 m [12 ft] OR shoulders narrower than
1.8 m[6ft], then:

BFFS = 85th percentile approach operating speed @
+ f_s for the approaching segment.

Thus, the speed at the bridge can be estimated as fol-
lows:

Speed at Bridge (FFS) = Base FFS
- f.s for the bridge
= 85% approach operating speed 3
+ f_s for the approaching segment
- f.s for the bridge.

2. Estimate or input the speed at the approaching segment.

Estimate deceleration distance, assuming a deceler-
ation rate of 1.0 m/s?[3.28 ft/s?] (the maximum value
provided by the model developed (7)). If the decel-
eration distance is lower than sight distance, no fur-
ther action is required.

If the decel eration distanceis equal to or greater than
the sight distance, an inconsistency has been detected
and the warning message should be displayed.

Specific rules for sight distance to a narrow bridge follow.

5.1.1 Level 1Warning. Thefollowing messagewould be
displayed for an R.W. bridge with limited sight distance:

Thebridgeat station XXX + XX has been found to be a poten-
tial safety concern because of its width and sight distance.
Factorsin thisdetermination include bridge width, approach
lane width, speed on the approach, and sight distance.

Warning signs (Narrow Bridge) should be used as appropri-
ate (see MUTCD for further information).

The following message would be displayed for an L.S. bridge
with limited sight distance:

Thebridge at station XXX + XX has been found to be a poten-
tial safety concern because of its width and sight distance.
Factorsin thisdetermination include bridge width, approach
lane width, speed on the approach, and sight distance.

Warning signs (Sngle-Lane Bridge) should be used as appro-
priate (see MUTCD for further information).

5.1.2 Level 2Warning. Thefollowing messagewould be
displayed for an H.S. bridge with limited sight distance:

The bridge at station XXX + XX has been found to be a
potential safety concern because of its width and sight dis-
tance. ltsrelatively high ADT has contributed to this“ Level
2" Warning. Factors in this determination include bridge
width, approach lane width, speed on the approach, and sight
distance.

Warning signs (Sngle-Lane Bridge) should be used as appro-
priate (see MUTCD for further information).

6. Rules for Assessing the Consistency of
Geometric Features Related to Driveways

The following rules would be applied to identify design
inconsistencies related to driveways:

» Access points or frequency of driveways—Speed Dif-
ferential;

» Access points or frequency of driveways—Accident
Potential;

* Minimum separation between driveways, and

+ Offset opposing driveways.

Each of these rulesis discussed below.

6.1 Access Points or Frequency of Driveways—
Speed Differential

Driveways located along atwo-lane highway are believed
to affect the traffic operation along the facility adversely. As
vehicles enter and leave the major roadway at driveways,
conflicts occur because of differences in speeds between
through and turning traffic. These speed differences cause
friction in the traffic stream and consequently affect the
travel speedsalong the roadway. The conflictsresulting from
speed differentialsmay also result in crashes, adversely affect-
ing the safety along the roadway. The following procedures
describe methodol ogiesto eval uate the consistency of adesign
based on the difference in operating speeds and the potential
for an increase in accidents between adjacent roadway seg-
ments due to differencesin driveway densities.

Currently, no speed prediction models consider the effect of
driveway density on operating speed. In the absence of such
information, it is recommended that the methodology pro-
vided inthe HCM 2000 on estimating free-flow speed on two-



lane highways be used to predict the difference in operating
speeds between adjacent roadway segments on two-lane high-
ways (14). The methodology in the HCM 2000 adjusts a base
level free-flow speed, taking into consideration lane width and
shoulder width and the number of access points (driveways),
to estimate the free-flow speed along the roadway:

FFS=BFFS - fis— s, (4)

where

FFS = estimated free-flow speed
BFFS = base free-flow speed
fLs = adjustment for lane width and shoulder width,
from HCM 2000 Exhibit 20-5
fa = adjustment for access points, from HCM 2000
Exhibit 20-6

Assuming that thelane widths along the two-lane highway
are greater than 3.6 m [12 ft] and the shoulders widths are
greater than 1.8 m [6 ft], the adjustment factor for lane width
and shoulder width equals zero, and equation 1 simplifies to
the following:

FFS=BFFS - f,. (5)

The adjustment factor for access-point density (fa) ispro-
vided in Exhibit 20-6 of the HCM 2000 and is reproduced in
Table 9. Table 9 indicates that each access point per kilome-
ter decreasesthe estimated free-flow speed by approximately
0.67 km/h [0.4 mph].

Thus, if a roadway segment has at least eight driveway
access points per kilometer more than the previous segment,
an inconsistency in design occurs because of a reduction in
operating speed of at least 4.8 km/h [3 mph].

Note that the adjustment factors for access-point density
were developed based on the number of access points along
the right side of the roadway. Thus, the access-point density
for aroadway isfound by dividing the total number of access
points (intersections and driveways) on the right side of the
roadway by the length of the section in kilometers. An inter-
section or driveway should be included in the determination
of access-point density only if it is considered to have asig-
nificant influence on traffic flow (14, 15). Intersections or
drivewaysthat are difficult for the driver to identify or where

TABLE 9 Adjustment (f,) for access-point

density (14)

Access Points per Reduction in FFS
Kilometer (km/h)

0 0.0

6 4.0

12 8.0

18 12.0

> 24 16.0

Note: 1km=0.62 mi
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there is little activity should not be included in the determi-
nation of access-point density. For example, private drive-
ways to individual residences or service driveways at com-
mercial sites might not be included in the determination of
access-point density. If access points on the opposite (left)
side of the roadway are expected to have a significant effect
ontraffic flow in the direction of interest, these intersections
and driveways may be included in the determination of
access-point density.

Specific rulesfor accesspointsor frequency of driveways—
speed differential follow.

6.1.1 Level 2Warning. If aroadway segment has at least
eight driveway access points per kilometer morethan the pre-
vious segment, an estimated speed differential greater than or
equal to 5 km/h [3 mph] will occur. The following message
to the user should be displayed:

The number of driveway access points between Stations
XXX + XXX and YYY + YYY may lead to operational incon-
sistencies. Using the HCM 2000 procedures for two-lane
highways, an investigation of the difference in estimated
operating speeds between the appr oaching segment (Stations
AAA + AAAto BBB + BBB) and the segment between Sations
XXX + XXX and YYY + YYY is recommended.

Consideration should be given to decreasing the number of
driveway access points between Stations XXX + XXX and
YYY + YYY.

6.1.2 Level 1 Warning. If aroadway segment has at
least 16 driveway access points per kilometer more than the
previous segment, an estimated speed differential greater
than or equal to 10 km/h [6 mph] will occur. The following
message to the user should be displayed:

The number of driveway access points between Stations
XXX + XXX and YYY + YYY may lead to operational incon-
sistencies. Using the HCM 2000 procedures for two-lane
highways, an investigation of the difference in estimated
operating speeds between the approaching segment (Stations
AAA + AAA to BBB + BBB) and the segment between Sations
XXX + XXX and YYY + YYY is recommended.

Strong consideration should be given to decreasing the num-
ber of driveway access points between Stations XXX + XXX
and YYY + YYY.

6.2 Access Points or Frequency of Driveways—
Accident Potential

The accident prediction algorithm for roadway segments
incorporated an AMF for driveway density. The base condi-
tion for driveway density is three driveways per kilometer.
The expert panel decided on the following AMF for drive-
way density:
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_ 0.2+[0.05 - 0.005In(ADT)](1.6093)(DD)
AMF = 0.2 +[0.05 - 0.005In(ADT)](5) ©)

where

ADT =annual average daily traffic volume of the road-
way segment being evaluated (veh/day); and
DD = driveway density (driveways per kilometer).

The AMF is derived from the work of Muskaug (16). The
expert panel considered the Norwegian study to be the best
available study on the safety effects of driveway density on
rural two-lane highways.

Specific rules for access points or frequency of drive-
ways—accident potential follow.

6.2.1 Level 2 Warning. If the difference between the
AMFsfor the roadway segment being evaluated (AMF,) and
the previous segment (AMF,) isgreater than or equal to 0.05,
an estimated accident rate increase of 5% or morewill occur.
The following message to the user should be displayed:

The number of driveway access points between Stations
XXX + XXX and YYY + YYY isa potential concern. Aninves-
tigation of the expected change in accidents between the
approaching segment (Stations AAA + AAA to BBB + BBB)
and the segment between Stations XXX + XXX and YYY +
YYY is recommended.

6.2.2 Level 1 Warning. If the difference between the
AMFsfor the roadway segment being evaluated (AMF,) and
the previous segment (AMF,) is greater than or equal to 0.10,
an estimated accident rate increase of 10% or morewill occur.
The following message to the user should be displayed:

The number of driveway access points between Stations
XXX + XXX and YYY + YYY isa potential concern. An inves-
tigation of the expected change in accidents between the
approaching segment (Sations AAA + AAA to BBB + BBB)
and the segment between Stations XXX + XXX and YYY +
YYY is recommended.

6.3 Minimum Separation Between Driveways

The objective of access management isto reduce the fre-
guency of conflicts by separating adjacent conflict areas
and limiting the number of conflict points per length of
highway. It is expected to reduce the severity of rear-end
collisions, becauseit allows more decel eration distance and
perception time for motorists. The distance between drive-
waysmust allow driveway vehiclesto safely accelerate, decel-
erate, and cross traffic streams without excessive interference
with through traffic or traffic using adjacent driveways. Traf-
fic volumes at residential driveways and field entrances are
typically low, however, so the separation distances recom-
mended are applicable to commercia and high-volume drive-
ways. Table 10 shows the recommended minimum spacing
based on normal acceleration and decel eration rates for vari-
ous highway speeds.

Specific rules for minimum separation between driveways
follow.

6.3.1 Level 2 Warning. The spacing between each pair
of adjacent driveways on each side of the proposed roadway
should be reviewed. If the spacing is less than the recom-
mended value from Table 10, the following message to the
user should be displayed:

The spacing between the driveways at Sations XXX + XXX
and YYY + YYY on the Z side of the road may be too small.

6.4 Offset Opposing Driveways

The objective of offsetting opposing driveways (i.e., drive-
ways on opposite sides of the roadway) is to limit the num-
ber of conflict points. The separation distance better facili-
tates driveway-to-driveway maneuversand may aleviatethe
concentrated conflict areathat is present with opposing drive-
ways. However, offsetting opposing drivewayswill cause an
increase in the number of turning and weaving maneuvers.

TABLE 10 Minimum separation of adjacent driveways (10)

Highway Speed Rate of Deceleration Rate of Acceleration Minimum Spacing
(km/h) (m/sh) (m/s) (m)

32 2.6 0.9 30
40 2.6 0.8 32
48 2.6 0.6 38
56 2.6 0.5 46
64 2.6 05 56
72 2.6 0.5 70
80 2.6 0.5 84

Note: 1 km = 0.62 mi

1m/s’ = 3.28 ft/s?

1m=3.28ft




One of the most important design considerations in offset-
ting opposing drivewaysisthe separation distance between the
two driveways. This distance should be large enough so that
themotorist can make adefiniteturn onto the roadway and then
turninto the other driveway, thus preventing diagonal crossing
movements. Driveways spaced too close together may also
cause some movementsto be blocked by |eft-turn queuesat the
approach to the other driveway. Glennon et a. recommend a
minimum driveway separation of 90 m [300 ft] (17).

For offset opposing driveways spaced too close together,
an obvioustreatment isto relocate one of the driveways such
that the separation distance between the two driveways is
increased. However, an alternative to increasing the separa-
tion distance is to relocate the driveways directly opposite
each other, thus allowing crossing movements without enter-
ing the major road. Traffic volumes at residential driveways
and field entrances are typically low, however, so the offset
distances recommended are applicable to commercia and
high-volume driveways.

Specific rules for offset opposing driveways follow.

6.4.1 Level 2Warning. Each pair of offset opposing drive-
ways on the proposed roadway should be reviewed. If the
separation distance is less than 90 m [300 ft], the following
message to the user should be displayed:

The separation distance between the offset opposing drive-
ways at Stations XXX + XXX and YYY + YYY may betoo short
to provide sufficient weaving distance and left-turning stor-
age length. The driveways should either be located opposite
one another or should be offset by at least 90 m [300 ft].

7. Rules for Assessing the Consistency of
Geometric Features Related to Sight
Distance

A driver’s ahility to see ahead isimportant in the safe and
efficient operation of avehicle ontheroadway (6). At amin-
imum, all roadways should provide adequate stopping sight
distance, the sight distance needed for a below-average
driver to safely stop avehicle traveling at or near the design
speed before reaching a stationary object in its path. How-
ever, when drivers must make complex or instantaneous
decisions because information is difficult to perceive or an
unexpected maneuver is required, sight distances greater
than those needed for stopping are recommended. In these
complex or unexpected situations, decision sight distance
(DSD) provides the greater visibility distance that drivers
need and is defined as the distance needed for a driver to
detect an unexpected or otherwise difficult-to-perceiveinfor-
mation source or condition in a roadway environment that
may be visually cluttered, recognize the condition or its poten-
tial threat, select an appropriate speed and path, and initiate
and complete the maneuver safely and efficiently. DSD val-
uesare substantially greater than SSD values, offering drivers
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agreater margin for error and affording them sufficient visi-
bility to maneuver their vehicles at the same or reduced speed
rather than coming to acomplete stop. The availability of ade-
guate SSD at al locations on the roadway is checked by the
IHSDM Policy Review Module (PRM). These design consis-
tency procedures focus on SSD and DSD on approaches to
key roadway features. Thefollowing design consistency rules
based on sight distance are presented below:

+ SSD on the approaches to key roadway features and
» DSD on the approaches to key roadway features.

7.1 SSD on the Approaches to Key Roadway
Features

Evaluating SSD on the approaches to key roadway fea-
turesinvolves comparing the available SSD to threshold val-
uesthat trigger advisory messagesto the user. Thekey features
at which SSD-based rules are applied include the following:

+ School zones,

* Passing/climbing lane drops,

* Narrow bridges,

 Lanewidth reductions,

* Shoulder width reductions,
 Railroad-highway grade crossings, and
* Major driveways.

The available sight distance used in applying the SSD-
based rulesisthe distance at which the featurein question can
be seen by a driver with an eye height of 1,080 mm [3.5 ft].
The object heights used in applying the SSD-based rules
vary with the feature to be seen, but are never greater than
the 600-mm [2.0-ft] object height used in SSD design. The
object heights used for specific features are as follows:

+ School zones—600 mm [2 ft];

* Passing/climbing lane drops—0 mm [0 ft];

* Narrow bridges—600 mm [2 ft];

 Lane width reductions—0 mm [0 ft];

« Shoulder width reductions—0 mm [0 ft];

+ Railroad-highway grade crossings—0 mm [O ft]; and
* Magjor driveways—600 mm [2 ft].

A narrow bridgeis defined as a bridge whose curb-to-curb
width islessthan thetraveled way plus paved shoulder width
on the approach to the bridge. Available sight distance
should be determined in a three-dimensional analysis using
procedures already developed for the[HSDM PRM. A mgjor
driveway is defined as a driveway with a large number of
entering and exiting vehicles (e.g., shopping center or “big
box” retail development)

The threshold values that trigger advisory messages to the
user are intended to identify situations that should be of
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potential concernto designers. Asin the FHWA Intersection
Diagnostic Review Module, these messages should be trig-
gered for sight distance values below the actual or anticipated
85" percentile speed of the facility (18).

The general SSD model used to determine these threshold
valuesis asfollows:

2
SSD = 0.278Mt ++D @
254&@) + GD

where

SSD = stopping sight distance (m)
t = brakereaction time (2.5 s)
V = 85th percentile operating speed (km/h)
a = deceleration rate (3.4 m/s? [11.2 ft/s?])
G =local percent grade divided by 100 (+ for upgrades,
— for downgrades)

Specific rulesfor SSD on the approachesto key roadway fea-
turesfollow.

7.11 Level 1 and 2 Warnings. Level 1 and Level 2
advisory messages should be triggered when available sight
distance falls below the values computed with the following
equation:

(V= X)?

SDiyesoig = 0.278(V - Xt +———F4——
a O )
254a@.) + G[|

where

X = specified speed reduction value from Table 11.

The advisory message generated when SSD,giaie <
SSD resoig Should be as follows:

The available stopping sight distance (SSD) on the approach
to the [state type of roadway feature] in the section from
XXX + XXX to YYY + YYY is |less than desirable to allow a
motorist to slow or stop before reaching the specified loca-
tion. The design should be checked to determine if the verti-
cal alignment can berealigned or the object causing the sight
obstruction can berelocated or removed to improveadriver’s
sight line on the approach to the roadway feature.

7.2 DSD on the Approaches to Key Roadway
Features

Evauating DSD on the approachesto key roadway features
involves comparing the available sight distance to DSDyyesnold
values that trigger advisory messages to the user. The key
features at which DSD-based rules are applied include the
following:

+ School zones,
* Passing/climbing lane drops, and
+ Railroad-highway grade crossings.

The available sight distance used in applying the DSD-
based rulesisthe distance at which the feature in question can
be seen by a driver with an eye height of 1,080 mm [3.5 ft].
The object heights used in applying the DSD-based rules
vary with the feature to be seen. The object heights used for
specific features are as follows:

+ School zones—600 mm [2 ft];
* Passing/climbing lane drops—0 mm [0 ft]; and
+ Railroad-highway grade crossings—0 mm [O ft].

A narrow bridge is defined as a bridge whose curb-to-curb
width islessthan the traveled way plus paved shoulder width
on the approach to the bridge. Available sight distance should
be determined in a three-dimensional analysis using proce-
dures aready developed for the IHSDM PRM.

The threshold values that trigger advisory messages to the
user areintended to identify situationsthat should be of poten-
tial concern to designers. DSDyesn0q VAl UES should be calcu-
lated from the anticipated 85th percentile speed of the facil-
ity. When evaluating DSD on the approachesto key roadway
features, the type of avoidance maneuver required needs to
be considered. On the approach to a school zone and to a
passing/climbing lane drop, a speed/path/direction change
will most often be the appropriate maneuver. At arailroad-
highway grade crossing, the required maneuver is a com-
plete stop.

The general DSD models used to determine threshold val-
ues are asfollows:

Avoidance Maneuver: Speed/path/direction change

DSD =0.278Vt 9)

TABLE 11 Specified speed reduction values used in deter mining threshold values of sight

distance
ADT Level Specified Speed Reduction (X) :
Level 1 Advisory Level 2 Advisory
> 5,000 veh/day 10 km/h 0
< 5,000 veh/day 25 km/h 0
Note: 1 km = 0.62 mi




Avoidance Maneuver: Stop
V2
DSD = 0.278Vt + 0.0393 (20)

where

DSD = decision sight distance
V = speed (km/h)
t = reaction time (s)
a = deceleration rate (m/s?)

Specific rules for DSD on the approaches to key roadway
features follow.

7.2.1 Level 2 Warning. When the required maneuver is
a speed/path/direction change such as on the approach to a
school zone or a passing/climbing lane drop, aLevel 2 advi-
sory message should be triggered when available sight dis-
tance falls below DSDyeqoq Values computed with the fol-
lowing equation:

DsDth,-eShmd = (0.278Vt. (11)

For speed/path/direction changes on rural roads, arecom-
mended value for t is between 10.2 and 11.2 s.

When the required maneuver is bringing the vehicle to a
complete stop such as on the approach to arailroad-highway
grade crossing, a Level 2 advisory message should be trig-
gered when available sight distance falls below DSDyyesnoiq
values computed with the following equation:

V2
DDy, =0.278Vt +0.039-—.
threshold a (12)
A value of 3.0 s for t should be used for estimating
D SDyresnold When a stopping maneuver is required.
The advisory message generated when the available sight
distance is less than DSDeq0iq ShOuld be:

The available sight distance on the approach to the [state
type of roadway feature] in the section from XXX + XXX to
YYY + YYY isless than the desirable decision sight distance
(DSD). Thedesign should be checked to determineif the ver-
tical alignment can be realigned or the object causing the
sight obstruction can be relocated or removed to improve a
driver’s sight line on the approach to the roadway feature.

8. Rules for Assessing the Consistency of
Geometric Features Related to Passing
Demands and Opportunities

Thefollowing rules would be applied to identify inconsis-
tenciesrelated to passing demands and opportunities on two-
lane highways:

23

+ Climbing lane needed but not provided,

 Climbing lane not carried over crest,

* Insufficient passing opportunities,

* Passing lane too short,

* Passing lane too long, and

* Passinglaneaddition channelsdow vehiclesintoleft lane.

Each of these rulesis discussed below.

[The following related rules are presented elsewhere:

+ SSD on approaches to passing/climbing lane drops and
» DSD on approaches to passing/climbing lane drops.]

8.1 Climbing Lane Needed but Not Provided

The general warrant for provision of aclimbing laneon a
two-lane highway is presented in the AASHTO Green Book
(6). For aclimbing lane to be warranted, the following three
conditions must be met:

1. Upgrade traffic flow rate in excess of 200 vehicles per
hour (vph);
2. Upgrade truck flow rate in excess of 20 vph; and
3. One of the following conditions exists:
* A 15 km/h [10 mph] or greater speed reduction is
expected for atypical heavy truck.
» Level-of-service E or F exists on the grade.
+ A reduction of two or more levels of serviceis expe-
rienced when moving from the approach segment to
the grade.

Conditions 1 and 2 can be easily determined for available
data or by a query to the user. Condition 3 is more compli-
cated because both the truck speed profile and the level of
service for the approach segment and the grade must be
assessed.

A recent FHWA report, The Capability and Enhancement
of VDANL and TWOPASfor Analyzng Vehicle Performance
on Upgrades and Downgrades within IHSDM (19) presents
adetailed description of automated procedures for ng
Conditions 1 through 3. The automated procedures involve
application of the TWOPAS model (the state-of-the-art com-
puter simulation model for two-lane highways).

Specific rules for climbing lane needed but not provided
follow.

8.1.1 Level 2Warning. If thethreeconditionslisted above
are al met, awarning should be issued to the user:

Upgrade from Sation XX + XXX to YY + YYY warrants a
climbing lane, but no climbing lane is provided.
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8.2 Climbing Lane Not Carried Over Crest

Climbing lanes are most effective, and presumably oper-
ate most safely, where the climbing lane is carried over the
crest of an upgrade and the lane drop occurs on the subse-
guent downgrade. This provides an opportunity for heavy
trucksto recover some of their lost speed before merging with
faster traffic.

Asagenera guideline, it is recommended that the begin-
ning of the lane drop taper be placed at least 300 m [1,000 ft]
downstream of the crest. Desirably, DSD should be provided
to the beginning of the lane drop.

Specific rulesfor climbing lane not carried over crest fol-
low.

8.2.1 Level 2 Warning. This rule is recommended as
follows:

For a climbing lane in the direction of increasing stations, if
(Station pegin jane drop — Station greq) < 300 M [1,000 ft]

or for aclimbing lanein the direction of decreasing stations, if
(Station pegin iane drop — StatioN gre) > =300 m [-1,000 ft]

then display the following message to the user:

Climbing lane drop for YY traffic at Station XXX + XX is not
carried over the crest of the grade. Safer and more efficient
operations should result if the climbing lane is carried over
the crest and dropped on the downgrade.

Thistest could be refined to incorporate atest for the local
grade at the beginning of the lane drop taper. If, for example,
this point was located on an upgrade of 2% or more, a mes-
sage like the following could be displayed for the user:

The local grade at the climbing lane drop for YY traffic at
Sation XXX + XX islocated on an upgrade. Safer and more
efficient operations should result if the climbing laneis car-
ried over the crest and dropped on the downgrade.

8.3 Insufficient Passing Opportunities

A potential inconsistency related to passing demand oppor-
tunities on atwo-lane highway is simply that there are insuf-
ficient opportunities to pass given the traffic volumes and
passing demand on the facility. This could be accomplished
by conducting a full level-of-service (LOS) analysis of the
roadway using the procedures of the Highway Capacity Man-
ual (HCM) (14) and determining whether the design LOS
selected by the user can be satisfied for the peak hour of the
design year. However, this approach would require the rela-

tively complex HCM procedures to be programmed as part
of the expert system.

A simpler rule can be implemented based on a procedure
developed in Canada. In this procedure, the percentage of net
passing opportunities for one direction of travel on a two-
lane highway is estimated as (20, 21):

NPO = (100 — 100 APL)(APZe 0018526 0FLOW) 13
+ 100APL,

where

NPO = percentage of net passing opportunities

APZ = proportion of segment length with marked pass-
ing zones (not including areas with passing or
climbing lanes in the study direction)

APL = proportion of segment length with passing or
climbing lanesin study direction

OFLOW = opposing flow rate (veh/h) during peak-flow in

the study direction

Specific rules for insufficient passing opportunities follow.

8.3.1 Level 2Warning. If NPO isgreater than or equal to
50%, the supply of passing opportunities on the highway
should be considered sufficient. If NPO isless than 50%, the
following message should be displayed for the user:

Supply of passing opportunities between Stations XXX + XX
and YYY + YY may beinsufficient. An LOSinvestigation using
the HCM proceduresfor two-lane highwaysis recommended.

The procedure described above should be applied for each
direction of travel for every segment of the roadway between
points of substantial changein traffic volume (typically major
intersections).

8.4 Passing Lane Too Short

Passing lanes should not normally be shorter than 0.3 km
[0.2 mi], not including the lane addition and lane drop tapers.
Passing lanes shorter than that |ength often do not provide an
opportunity for one delayed vehicle to pass afaster vehicle.

Specific rules for passing lane too short follow.

8.4.1 Level 2 Warning. Each passing lane on the pro-
posed roadway should be reviewed. If its length is less than
0.3 km [0.2 mi], the following message to the user should be
displayed (20):

Passing lane for YY traffic between Sations XXX + XX and
YYY + YY may be too short to provide even one passing
opportunity.



Consideration should be given to lengthening or removing
the passing lane.

Passing lanes should also be long enough to contribute
effectively to efficient operations. The minimum thresholds
of passing lane length for operational efficiency are as fol-
lows (20):

Range of flow rates (veh/h) Desired minimum

in study direction length, km (mi)
0-300 0.80 (0.50)
300-550 1.20(0.75)
over 550 1.60 (1.00)

If the length of any passing lane exceeds 0.3 km [0.2 mi],
but islessthan the appropriate threshold val ue shown above,
the following message to the user should be displayed:

Passing lane for YY traffic between Sations XXX + XX and
YYY + YY may be too short to be operationally efficient. An
LOS investigation using the HCM procedures for two-lane
highways is recommended.

8.5 Passing Lane Too Long

Passing lanes provide the greatest number of passing
maneuvers in the initial portion of the lane. The portion of
the passing lane that is used efficiently for passing maneu-
vers increases as the traffic volume increases. If a passing
lane becomes too long, it might be more operationally effi-
cient to end the passing lane and provide another passing lane
some distance downstream. The maximum threshol ds of pass-
ing lane length for efficient operations are as follows (20):

Range of flow rates (veh/h) Desired maximum
in study direction length, km (mi)
0-150 0.95 (0.60)
150-300 1.20(0.75)
300-550 1.60 (1.00)
over 550 3.20 (2.00)

Specific rules for passing lane too long follow.

8.5.1 Level 2Warning. If thelength of any passing lane
exceeds the appropriate threshold value shown above, the
following message to the user should be displayed:

Passing lane for YY traffic between Sations XXX + XX and
YYY + YY may be too long to be operationally efficient. Con-
sider limiting the length of this passing lane and providing
another passing lane downstream. An LOSinvestigation using
the HCM procedures for two-lane highwaysis recommended.
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8.6 Passing or Climbing Lane Addition Channels
Sow Vehiclesinto Left Lane

A passing or climbing lane works most efficiently if the
geometrics of the lane addition encourage slower vehiclesto
enter theright lane. By contrast, if the geometrics encourage
all vehicles, including slower vehicles, to enter the left lane,
thedriversof slower vehiclesmay bereluctant to movetothe
right and, consequently, the drivers of faster vehicles may be
unable to pass. This can result in little gain in operational
efficiency from the passing or climbing lane and may encour-
ageirrational driver behavior that could lead to accidents.

Specific rules for passing or climbing lane addition chan-
nels slow vehicles into left lane follow.

8.6.1 Level 2 Warning. It does not appear practical to
develop a set of rules for automated review of geometric
plansto assess driver behavior at the lane addition to a pass-
ing or climbing lane. Therefore, the recommended procedure
isto ask the user, for each passing or climbing lane, whether
the geometrics are such that

 Lane addition geometrics cause most vehicles to enter
theright lane.

 Lane addition geometrics cause most vehicles to enter
the left lane.

« Lane addition geometrics do not favor either lane.

If the user selects the second option, the following mes-
sage should be displayed to the user:

Passing lane addition for YY traffic at Sation XXX + XX has
geometricsthat encourage most driversto enter theleft lane.
This may reduce the operational benefits derived from the
passing lane. Consider changesin geometric design or pave-
ment markings at the lane addition to encourage most drivers
to enter theright lane.

If the user selects the third option, the following message
should be displayed to the user:

Passing lane addition for __traffic at Station XXX + XX has
geometricsthat encourage use of either theleft or right lanes
by drivers. This may encourage some slower driversto enter
theleft lane and may reduce the operational benefits derived
fromthe passing lane. Consider changesin geometric design
or pavement markings at the lane addition to encourage most
driversto enter theright lane.

9. Rule for Assessing the Frequency of
Decisions on Roadway Segments

A rule has been devel oped for decision frequency on road-
way segments. The purpose of thisruleisto call attention to
relatively short roadway segmentsthat contain geometric and
traffic control features that require drivers to make multiple
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decisions. Thefollowing design or traffic control elementsare — Station of ends of narrow bridges

considered: — Lane width and stations of points of change
— Shoulder width and stations of points of change
Intersection; — Stations of railroad-highway grade crossings

Major driveway;

Railroad-highway grade crossing;

Beginning or end of a horizontal curve with radius less
than 800 m [2,600 ft];

Vertical curve with available SSD less than that given
in the Green Book for a design speed equal to 20 km/h
[10 mph] less than the roadway operating speed;
School zone;

Narrow bridge (curb-to-curb width less than the road-
way approach, including paved shoulder);

Change in posted speed limit;

Lane addition;

Lane drop;

Lane width reduction by 0.6 m [2 ft] or more; and
Shoulder width reduction by 1.2 m [4 ft] or more.

9.1 Frequency of Decisions on Roadway

Segments

— Actual or estimated 85th percentile operating speed

— Stations for major driveways

— Available sight distance

Horizontal Alignment Rules

— Speed predictions

— Location of horizontal curves

— Shoulder width on tangent and on horizontal curve

Vertical Alignment Rules

— Percent downgrade

— Length of downgrade

— Cadlculated average downgrade for asegment of road-
way with several different downgrades

Driveway Rules

— Roadway alignment and centerline stationing

— Lane width

— Shoulder width

— Driveway locations by station and side of road

Passing Demands and Opportunities

— Roadway alignment and centerline stationing

— Stations and directions of travel for beginnings and

Specific rules for frequency of decisions on roadway seg-

ments follow. ends of passing/climbing lanes

— Lane width and stations of points of change

— Shoulder width and locations of points of change

— Passing sight distance valuesfor portions of the road-
way outside passing/climbing lanes

— Percent no-passing zones on portions of the roadway
outside passing/climbing lanes or stations of begin-
nings and ends on no-passing zones

9.1.1 Level 2 Warning. The following message will be
provided to the designer for a segment of 450 m [1,500 ft] in
length that containsfour or more of the geometric design and
traffic control elements described above:

The roadway segment from Station XX + XXX to YY + YYY

contains more than four geometric design or traffic control — Upgrade traffic flow rate
elementsthat require driver decisions. Consideration should — Upgrade truck flow rate
be given to spacing these decisions over a longer roadway — Weight-to-power ratio of typical truck to be used for
length, if practical. anaysis
+ Cross Section
— ADT (vpd) for design year

DATA NEEDS FOR DESIGN CONSISTENCY . . . . .
RULES — Width of lanes by section, including roadway station-

ing for width changes

— Width of shoulders by section, including roadway sta-
tioning for width changes

— 85th percentile speed

— Lanedrop transition zone beginning and ending sta-

The data needed to evaluate a roadway design using the
developed design consistency rules largely consist of infor-
mation readily available to the designer. In some cases, how-
ever, additional information may have to be obtained to eval-

uate older alignments. Traffic information such as the 85th tions

percentile speed should be obtained through the use of field — Beginning and ending of lane addition transition
measurements (for existing alignments) or estimated through stations

the use of speed models or comparisonswith comparableroad- — Location of major driveways

ways. The dataneeded for the various elements are asfollows. + Decision Frequency

— Roadway alignment and centerline stationing

— Stations of at-grade intersections

— Stations of mgjor driveways

— Stations and directions of travel for beginnings and
ends of passing/climbing lanes

— Stations of beginning and end of school zones

+ Sight Distance Rules
— Roadway alignment and centerline stationing
— Station of beginning and end of school zones
— Station and direction of travel of passing/climbing
lane drops
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— Stations of ends of narrow bridges — Railroad grade crossing location stations

— Stations of railroad-highway grade crossings — Station of stop line at intersection

— Lane width and stations of points of change — Station of stop line at highway-railroad grade cross-

— Shoulder width and locations of points of change ing

— Stations of changesin posted speed limit — Available sight distance from stop line at highway-
* Narrow Bridges railroad grade crossing

— Bridge width — Intersection sight distance computed from appropri-

— Approach lane width ate AASHTO case (i.e., through, left, and right) for

— Available sight distance approach with stop condition (used for signal and

— 85th percentile speed on the approach stop sign control) or permitted turning movements

— ADT (vpd) of the design year for through approaches (used for stop-protected
» Highway-Railroad Grade Crossings approaches) as appropriate for the approach leg hav-

— Design vehicle ing the highway-railroad grade crossing
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CHAPTER 4

CONCLUSIONS AND SUGGESTED RESEARCH

The major conclusions of the research are the rules devel-
oped. The rules cover the following specific areas:

+ Cross section,

* Horizontal alignment,

» Vertical alignment,

* Railroad grade crossings,

* Narrow bridges,

 Driveways,

* Preview sight distance,

* Climbing and passing lanes, and
* Frequency of decisions.

Each of the proposed rules was presented in Chapter 3. A
brief review of their applicability to multilane roadways is
provided below. Finally, recommendationsfor changesto the
AASHTO Green Book are provided.

EVALUATION OF APPLICABILITY AND
TRANSFERABILITY TO MULTILANE
ROADWAYS

A review of the design consistency rules was undertaken
to provide an assessment of their applicability for multilane
roadways. In thisreview, therules’ potential use and applic-
ability for the assessment of rural multilane and controlled
access roadways was examined.

Cross Section

The cross-section rulesfall into two groups: changesin sec-
tion width (lane and shoulder) and adding or dropping alane
with amajor driveway present. Both rule groups are generally
amenable for use on multilane roadways, although prepara-
tory work will have to be accomplished for one group.

The changing lane width and changing shoulder width rules
are both suitable for use on multilane roadways, athough the
supporting safety rel ationships have not been devel oped. Acci-
dent modification factors for lane and shoulder width are not
currently available for use on multilane roadways (i.e., other
than two-lane rura). If those relationships were developed
fromtheliterature or aresearch study, however, therulescould
easily be implemented for those types of facilities.

The lane drop with major driveway and major driveway
and lane addition rules could be implemented at thistime on
multilane roadways. Given the typical greater traffic vol-
umes associated with multilane roadways, these rules could
be very beneficial in enhancing safety on these facilities. Of
course, they would not be suitablefor controlled accessfacil-
ities that do not have driveways present on the roadway.

Horizontal Alignment

Theruletight horizontal curvewith wide shoulder isapplic-
able in principle to multilane roadways, but the underlying
speed predi ction equations and safety rel ationships are based
on research performed on two-lane rural roadways. To fully
support the rule, research would have to be performed to
examine speed relationships and safety relationships on those
classes of roadway.

Itisunlikely that many multilane roadways would exhibit
the tight horizontal curvature and associated speed changes
as seen on two-lane roadways. The general safety relation-
ship associated with shoulder width is expected to be simi-
lar, although its magnitudeis likely to differ somewhat.

The rule would have to be modified to be applicable to
multilane roadways. The underlying models predicting speed
and safety on two-lane roadways would have to be estab-
lished through further research.

Vertical Alignment

The rule steep downgrades could readily be applied to
multilane roadways. The likelihood of the warning level
being reached is less, however, due to the generally higher
design standards in use on multilane facilities.

Railroad Grade Crossings

Therulerailroad grade crossing with inter section nearby
could readily be applied to multilane roadways. Although
railroad grade crossings are less common on multilane
roadways than on two-lane roadways, they are present on
many facilities. The most common design reaching awarn-
ing level might be expected to be at intersections with two-
lane facilities, however.



Narrow Bridges

The rule narrow bridges is expected to be applicable to
multilane roadways after evaluation of the effects of reduc-
tions in shoulder width on speeds and modification of the
models provided in the present rule.

System

The rule frequency of decisions on roadway segments
could readily be applied to multilane roadways. Some of the
factors would be expected to be less common on these types
of roadways (i.e., beginning or end of ahorizontal curvewith
radius less than 800 m [2,600 ft]) but their inclusion would
be expected to remain appropriate. Consideration should be
given to including other elements encountered on multilane
roadways (e.g., introduction of a median).

Climbing and Passing Lanes

The rules associated with climbing and passing lanes
would probably not be appropriate for multilane roadways,
because the introduction of additional lanes for these pur-
poses is uncommon on multilane roadways (assuming multi-
lane facilities).

Driveways

The rules regarding driveways would have to be modified
to be applicable to multilane roadways. The rule access points
or frequency of driveways depends on speed and safety rela-
tionships for two-lane highways and would not be appropri-
ate for multilane roadways without further research.

The rule minimum separ ation between driveways could be
retai ned for multilane roadways, athough modifications might
be needed because of the presence of additional lanes. The
increased volumestypically present on these roadways would
tend to make the rule more urgent.

Therule offset opposing drivewayswould be readily applic-
ablefor multilane non-divided facilities; the rulewould not be
applicable to divided highways.

Sight Distance

The rules regarding stopping sight distance and decision
sight distance are readily applicable to multilane facilities.
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Some of the elements listed would be unlikely to be encoun-
tered on those facilities (e.g., passing/climbing lane drops)
and others would probably have to be added (e.g., introduc-
tion of amedian), but these changes would be minor modifi-
cationsto therule.

RECOMMENDED CHANGES TO AASHTO
GREEN BOOK

Based on the findings of thisresearch, several changesare
recommended for the AASHTO Green Book. It is recom-
mended that a definition be provided for design consistency
and that the design review section be supplemented with
regard to using design consistency methodol ogies.

[insert following fifth paragraph, page 53]

Design Consistency

Design consistency isthe conformance of ahighway’s geo-
metric and operational features with driver expectancy.
Measures that have been used to assess design consistency
are changes in predicted 85" percentile speed, driver infor-
mation handling, driver workload, changes in predicted
roadway safety, and lane positioning.

Consistency with respect to these measures can help to
ensure that roadway designs are developed that minimize
the potential for driver error.

Design Assessment
[insert following fifth paragraph, page 57]

Roadway designs can be assessed for potential inconsistencies
with regard to 85" percentile speed. FHWA has developed a
tool that can be used to predict wherelarge changesin 85" per-
centile speed may occur on rural two-lane roadways. the Inter-
active Highway Safety Design Model (IHSDM). This model
allows the user to detect locations where the changes in 85"
percentile speed may |ead to safety concerns on the completed

roadway.

Designers can also use design consistency rulesfor rural two-
lane roadways developed in NCHRP 15-17 to determine
where design inconsistencies related to changes in predicted
safety, speed, and lane positioning may be found. Rules for
detecting design inconsistenciesrelated to cross section, hor-
izontal and vertical alignment, driveways, railroad grade
crossings, sight distance, narrow bridges, and decision fre-
guency were developed in the study.
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APPENDIX A
LITERATURE REVIEW

FUNDAMENTAL ASPECTS OF CONSISTENCY
AND EXPECTANCY

Consistency hasatremendous effect on learning and behav-
ior. A frequent goal of training (whether intentional in classes
or through responses|earned inthe“real” world) for taskssuch
asdriving isthe development of “automatic’ behaviors, which
can lead to improved performance (1). A review of the cir-
cumstances surrounding the development of automatic behav-
ior is helpful in developing an understanding of the influence
of consistency.

Significant psychology research has focused on learning
and response, greatly clarifying the understanding of how
individuals respond to stimuli under different response con-
ditions. Using an example of afreeway exit and the outside
edgeline, if adriver is attempting to stay in the lane and is
monitoring the edgeline as an aide, the veering of the edge-
line to follow an exiting roadway may be problematic in the
area of the exit. The edgeline has shifted from being a “tar-
get” tobeing a“distracter.” The practice of providing adashed
edgeline across exits partially ameliorates this effect.

Consistent Mapping Versus Variable Mapping

Consistent mapping (CM) occurs when target items are
alwaystargets and never function as distracters; variable map-
ping (VM) occurs when target items sometimes function as
distracters (2). In work by Shiffrin and Schneider (3), com-
parisonsof performance under thetwo test conditionsrevealed
fundamental differencesin responses. After sufficiently long
periods of training, responsesto VM conditions were greatly
affected by load and were generally considered difficult. In
contrast, responses to CM conditions were virtually unaf-
fected by load and were easily accomplished. It appeared that
serial search was used inthe VM tests, while automatic detec-
tion was used in the CM tests.

In further testing using attention focused on certain target
areas, Shiffrin and Schneider (3) found that stimuli used in
CM training were difficult to ignore even when subjectswere
instructed to do so. The results indicated slowed responses
because of the CM targets, even though they were irrelevant
to the task under way.

Because training through encountering real-world situa-
tions does not always present consistency in its “targets,” it
is important to examine the validity of the concept of par-
tialy consistent training. That is, where targets are usually
(rather than always) placed as targets, and similarly for dis-
tracters. Fisk and Schneider examined the effect of degrees
of consistency in aseries of studies (2). By varying the degree
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of consistency and then comparing performance, they con-
cluded that “the higher the consistency during training, the
better the performancein dual-task conditions.” The benefits
of practice were not found until several hundred trials had
occurred. These results suggest that those benefits generally
associated with automatic processing (including greater speed,
parallel processing, less effortful performance, and nonre-
source consumptive) should occur in processes associated
with ahigh degree of consistency, rather than only in those that
are perfectly consistent. In further work, Fisk and Schneider
found a similar response for consistent elements of an over-
all task that was not consistent (2).

One consideration in consistency is whether that consis-
tency is localized in a specific set of stimuli or whether the
consistency is contained by the relationships between stim-
uli (4). That is, if relationships across stimuli remain con-
stant, improvements in performance due to consistent map-
ping can still be observed.

Another element of driving lies in the task being under-
taken. Multiple tasks are frequently undertaken simultane-
ously. The driver turns on the turn signal, scans for conflict-
ing traffic, accel erates around another vehicle, and completes
the turning movement. In astudy that reviewed performance
in dual-task situations, Fisk and LIoyd found that the effects
of consistency were even more exaggerated (5). By reducing
the task through automatization of subtasks, performance was
enhanced.

Review of these studies makes clear that consistency in
learning and responding to stimuli in consistent manners is
greatly enhanced. The degree of enhancement depends heav-
ily on the degree of consistency present in the learning and
operating environment. In elements such as intersections,
where visual search and sometimes complex actions are crit-
ical to safely operating avehicle, it isimportant that consis-
tently mapped responses be learned and then designs com-
plementing those learned responses used.

Because the development of automatic responses takes
hundreds of repetitions, it should be understood that the final
training of drivers largely takes place on the roadway net-
work asthey drive. Thedegree of consistency within that road-
way network can either lend itself to the development of
automatic, appropriate behaviorsor it can lead to more error-
prone operation through inconsistent designs.

DESIGN SPEED APPROACH TO
ROADWAY DESIGN

One of the unifying elements of roadway design isthe con-
cept of “design speed.” Design speed is used to determine the
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characteristics of various elements of the roadway. By using
asingle characteristic to determine the values of various cri-
teria affecting the design elements of the roadway, the road-
way’s basic elements could theoretically be made consistent
with the needs of the motorist.

Barnett’s 1936 definition of design speed was “the maxi-
mum reasonably uniform speed which would be adopted by
the faster driving group of vehicle operators, once clear of
urban areas’” (6). The design speed concept assumes that
curves meet or exceed the criteria for the selected design
speed. Originally, the design speed concept had two funda-
mental principles:

+ All curves along an alignment should be designed for
the same speed.

» Design speed should reflect the uniform speed at which
ahigh percentage of drivers desire to operate.

Asappliedin the United States, the design speed concept pre-
sumesthat adesign will be consistent if theindividual align-
ment features share the same or similar design speeds. Increas-
ing concern with both fundamental principles has devel oped
because of the differencesin curve design along a route and
theincreasein operating speedsthat arein excess of the design
speed. These two issues conflict with the fundamental basis
for the design speed concept.

Another concern with the design speed approach isthat the
values used to determine the geometry are minimum values
for the given factor of safety, but AASHTO recommends
using higher values whenever “such improvements can be
provided as a part of an economical design” (7). Thus, dif-
ferent features may have different design minimums. This
inconsistency in the design philosophy may violate drivers
expectancies of the roadway. Drivers may presume a safe
operating speed based on previous alignment features, which
may be higher than the design speed for the roadway, result-
ing in large speed fluctuations. Leisch and Leisch concluded
that the design speed concept did not guarantee consistency
in highway alignment because of the variation in operating
speed for roadways with design speed less than 90 km/h [56
mph] (8). The Green Book does note:

Isolated features designed for higher speeds would not nec-
essarily encourage driversto speed up, although asuccession
of such features might. In such cases, the entire section of
highway should be designed for a higher speed. A substan-
tial length of tangent between sections of curved alignment
isalso likely to encourage high-speed operation. In such sit-
uations, a higher design speed should be selected for all geo-
metric features, particularly sight distance on crest vertical
curves and across the inside of horizontal curves. (7)

One of McLean’ scriticisms of the design speed concept is
that design speed has been used as ameans of designing hor-
izontal and vertical curvesand that design speed has* no real
meaning with regard to long tangent segments’ (9). Krammes

and Glascock support McLean's criticism and cite the tan-
gent as one of the limitations of the design speed concept:
“The design speed applies only to horizontal and vertical
curves, not to the tangents that connect those curves” (10).
Consistency concerns develop when long tangents allow
driversto achievetheir desired speeds but the resulting speed
isin excess of the design speed of the following curve.
Leisch and Leisch cite several concerns with the design
speed philosophy, but acknowledge the widespread use of the
concept (8). They developed a consistency check to be incor-
porated in the design speed procedureto represent “ the poten-
tial operating speed that is determined by the design and cor-
relation of the physical features of a highway.” In the purest
form, they recommend that a maximum design speed change
of 15 km/h [9.3 mph] between features. Features that do not
meet the criteria are considered to be inconsistent. Further
considerations are given to the differences in speeds between
passenger vehiclesand trucks, but theserecommendationsare
based on operating speeds, rather than the design speed.
Factors used to select design speed are functional classifi-
cation, rural versus urban, and terrain (as designated by
AASHTO); AASHTO Green Book procedure, legal speed
limit, legal speed limit plusavalue (e.g., 8.1 to 16.2 km/h [5
or 10 mphy]), anticipated volume, anticipated operating speed,
development, costs, and consistency (state DOTS); and antic-
ipated operating speed and feedback |oop (international prac-
tices). Functional classification is used by the mgjority of the
states, with legal speed limit being used by almost one-half of
the states responding to amailout survey (11). A concernwith
the use of legal speed limit is that it does not reflect a large
proportion of thedrivers. Only between 23 and 64% of drivers
operate at or below the posted speed limit on non-freeway facil-
ities. The legal speed limit plus 16.1 km/h [10 mph] included
at least 86% of suburban/urban drivers on non-freeway facili-
ties with speed limits of 40.2 to 88.5 km/h [25 to 55 mph] and
included at least 96% of rural drivers on non-freeway facilities
with speed limits of 80.5to 112.7 km/h [50 to 70 mph] (11).

ELEMENTS OF ROADWAY DESIGN

Several factors influence the design of roadways, includ-
ing design speed, sight distance, horizontal and vertical align-
ment elements, cross section features, and intersection design.
Design speed was discussed in the previous section. Follow-
ing are discussions on key geometric features and how they
may relate to design consistency.

Sight Distance

Sight distance,”the length of roadway ahead visible to the
driver” (7), alowsdriversto adjust vehicle controls in order
to make safe movements so as to avoid possible obstruc-
tions. Sight distance should be determined during field visits,
because vegetation, signs, disabled vehicles, or other obstacles



may interfere with available sight distance. Little practical
research has been done to relate sight distance to design con-
sistency, even though sight distance is akey element in geo-
metric design.

Horizontal Curvature

Challenges arise when developing design consistency
practices for the definition of inconsistent horizontal curves.
From the perspective of individual roadway, if an entire road-
way is in mountainous terrain, then drivers should expect
small radius horizontal curvesand areduction in speed should
correspond to the topography. In this scenario, alarge radius
horizontal curve may be considered inconsistent because it
has a design speed in excess of the other horizontal curves.
This horizontal curve may give drivers afalse sense of secu-
rity while approaching the next horizontal curve. All things
being equal, aroad with similar horizontal curve radii would
be expected to have alower crash rate per mile than a road
with large fluctuations in the curve radii.

Historically, the most critical geometric design element
that influences driver behavior and poses the most potential
for crashes has been the horizontal curve (12,13). Previous
research on rural two-lane highway operations and safety has
concluded that horizontal curves whose design speed is less
than drivers’ desired speed exhibit operating speed inconsis-
tencies that increase crash potential (12). Several factors are
associated with the increased frequency of crashes on hori-
zontal curves: restricted sight distance, driver inattentiveness,
speed estimation errors, and centerline crossover are typical
examples of how drivers may react inappropriately to the
change in alignment. Horizontal curves have a high likeli-
hood of inconsistency due to the varying design procedures
and the complexity of control and guidance throughout the
horizontal curve.

Crashrates are typically 1.5 to 4 times higher on horizon-
tal curves than on the tangent segments (13). The familiar
design formulais used to determine the acceptable radius for
the given conditions, but several research projects have shown
that speeds on horizontal curves may exceed the design speed
if the design speed of atwo-lane rural highway curveisless
than 90 km/h (11). Thisfinding suggeststhat the design speed
concept, inits current form, does not fully address driver per-
ception of smaller radiuscurves. Ingeneral, small radiuscurves
violate drivers apriori expectancies. Additionaly if a small
radius curve is situated among larger, more forgiving, radius
curves, the curve will violate the ad hoc driver expectancy.

Side friction is specified for driver safety and/or comfort.
Sidefriction exceeding limitswill increase the steering effort
to avoid lane violations, resulting in uncomfortable driving
situations and a possible reduction in speed. McLean states
that side friction is fundamental to curve design, but that the
“design values must be based on a realistic assessment of
driver behavior and comfort tolerance of modern drivers’ (9).
Thus, the design speed concept asit appliesto superelevation
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and side friction has generally been found acceptable for
design speedsin excess of 100 km/h [62 mph], but for curves
with a design speed less than 100 km/h [62 mph], driver
behavior is “completely at variance with the assumption
underlying the design speed approach.”

Superelevation is a geometric feature used to reduce side
friction demand by counterbalancing a portion of the cen-
tripetal acceleration encountered by drivers. AASHTO design
procedures assume that the sum of side friction and super-
elevation equals centripetal acceleration. The current design
speed approach allows for different maximum supereleva-
tion rates on similar radius curves. Krammes and Garnham
discussed the different maximum superelevation standards
throughout the United States (14). The range of maximum
rates resulted from different climates, but even these differ-
encescanresultinasimilar design with vastly different design
speeds.

Taragin found that “superelevation as normally used in
terms of feet per foot of pavement width without regard to the
sharpness of the curve bears no relation to the percentage of
vehicles exceeding the safe speed based on curvature and
superelevation,” but there is a close correlation between the
“superelevation per foot of degree of curvature and the per-
centage of vehicles exceeding the computed safe (design)
speed based on curvature and superelevation” (15). Kanellaidis
suggested that “the use of design speed to determine individ-
ual geometric elements like superelevation rates should be
reevaluated and replaced by operating-speed parameters’ (16).

Horizontal Alignment Consistency

The objective in providing desirable horizontal alignment
is to provide elements that are consistent with what drivers
expect based on their experience on similar roadways and on
previous sections of a particular roadway. Large differences
and abrupt changesin horizontal alignment should be avoided
so that driver workload is not excessive. Significant changes
in driver workload requirements often lead to crashes. For
safety reasons, the horizontal alignment must be consistent
in terms of sight distances. This will aso preserve the design
speed of the roadway. Independent design of these features
tendsto increase crash potential. Consistency of these features
can be determined from the plan-profile sheets of the design.

Vertical Alignment

Vertical alignment design isaderivative of theinteraction
between sight distance criteria, the topography of the road-
way, and the designer’s need to meet ancillary goals (e.g.,
balancing excavation and fill quantities). Vertical curvesare
designed to provide smooth transitions between tangent gra-
dients. The ideal design of these features provides adequate
sight distanceto allow for stopping once adriver has detected
an object in the travel lane. Unfortunately, the terrain does
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not always allow for economical provision of safe and rec-
ommended sight distances. Theselimited sight distance curves
by themselves generally do not violate the driver's expec-
tancy of the roadway. When these features are followed by a
sharp horizontal curve or an intersection that may require
speed reduction, driver expectancy isviolated and the pair of
features could be deemed inconsistent.

Coordination of Horizontal and
Vertical Alignment

Horizontal and vertical alignment should complement each
other and be considered in combination. Topography and
right-of-way areusually the controlling features affecting the
coordination of horizontal and vertical alignment. Sight dis-
tances computed from horizontal and vertical curves would
be desirable so as to have a safe roadway and to reduce the
driver workload. Thus, the combination of design elements
must meet the minimum requirements of either the horizon-
tal or vertical design element, whichever controls the sight
distance.

The interaction of horizontal and vertical aignment is the
least studied aspect of geometric design because of the com-
plexity of the geometry. Generally, horizontal and vertical
alignmentsare designed separately to meet certain criteriaand
then brought together, assuming that design consistency will
be maintained. This assumption is not always valid, which
AASHTO discusses in avery brief section on ensuring con-
sistent combined design. The discussion focuses on avoiding
certain key combinations of horizontal and vertical alignment
(i.e., sharp horizontal curve following a crest vertical curve)
and maintaining certain aesthetic guidelines, but gives little
design guidance to quantify acceptable consistency.

Cross Section and Right-of-Way

The design of the cross section of aroadway may also pose
decision problemsto the driver. Research has shown that small
clear zone and roadway widths have atendency toward higher
crash rates. The clear zone is the total roadside border area,
starting at the edge of the traveled way, available for use by
errant vehicles. This area may consist of a paved or unpaved
shoulder, arecoverable dope, anon-recoverable slope, and/or
aclear run-out area.

Travel lanewidth and condition of the surface greatly affects
the safety and comfort of driving. Two-lane rural highways
can show undesirable conditions such as inadequate vehi-
cle clearances and edge-of-pavement clearances when nar-
row lanes are present. The addition of shoulders or improved
shoulder widths and the removal of roadside hazards can
reduce the severity and frequency of crashes associated with
run-off-the-road situations (13). These crashestypically occur
because of (1) overload of the workload necessary to per-
form the control task or (2) driver inattentiveness. The sud-

den change in roadway cross section and surroundings often
causes asudden increase in the operating task required of the
driver. These sudden changes can include lane drops, narrow
bridges, and reduced shoulder width. Properly designed road-
sides with no encroachments complement the roadway design
by providing adequate sight distance to improve operations,
reduce the number of potential roadside hazards to increase
safety, and integrate the roadway within the surrounding land-
scape to provide a positive visual and psychological refer-
ence for the driver.

Intersection Design

The design of intersections depends on the interaction of
various elements. These elements must be coordinated if the
intersection is to operate safely and efficiently. Issues that
must be considered include human factors, traffic, physical
constraints, and economics.

The angle at which the two intersecting roadways cross
greatly affects the safe operation of the intersection. Intersec-
tionswith large or small crossing angles increase the conflict
area, limit visibility, increase the turning area for large vehi-
cles, and increase the time of exposure in the intersection for
crossing vehicles (17). Enhancements to the intersection may
be necessary to mitigate the effects of the skew angle. These
enhancements can include improved traffic control through
the placement of traffic signals or stop signs or increased
paved areato accommodate truck maneuvers.

The accommodation of intersections near horizontal curves
presents special problems for the roadway designer. Inter-
secting roadways that depart in line with the tangent prior to
a horizontal curve violate aspects of design consistency.
Driversmust turn their vehiclesto follow the main roadway
even though aroadway continues straight ahead. In addition,
many perceptual cues that would guide the driver along the
main roadway are missing or misleading in this case. Edge-
lines frequently are discontinued in the intersection area or
follow the exiting roadway, and fence lines may follow the
exiting roadway before rejoining the main roadway on the far
side of the intersection or horizontal curve, thus leading to
perceptua problems that create false impressions about the
roadway environment.

CONSISTENCY METHODOLOGIES

Several design consistency methodol ogies have been pro-
posed for use. These methodol ogies frequently center on the
application of one measure of effectiveness (MOE) and seek
to limit the variability of that MOE. By limiting the variabil-
ity of that one key MOE, a“ consistent” roadway isthus pro-
vided. The selection of an appropriate MOE iscritical to the
success of such astrategy. MOEsthat have been used include
speed (through speed prediction), driver workload (or visual
demand), speed variance, and alignment indices.



Speed is an easily measured, highly variable quantity that
appearsto be closely related to the driver’ s perception of the
roadway and theimmediate environment. Reactionsto changes
in that perception appear to be quickly reflected in changesin
the speed selected by the driver. Limiting required changesin
speeds to acceptable limits appears to provide the basis for
an improvement in the operation of the roadway because
required driver actions can be limited, reducing the potential
for inappropriately selected speeds.

Driver workload isalso ameasure that has been used in the
measurement of design consistency. By limiting the workload
imposed on the driver to acceptable levels, the likelihood of
overloading the driver’'s mental capacity is reduced. Provid-
ing a consistent level of workload could increase the likeli-
hood of desirable operating characteristics being observed.
ANnMOE closely related to workload isvisual demand. Visua
demand is considered to be a surrogate for driver workload
because driving is essentially visual in nature. By measuring
the amount of incoming information to the driver (the amount
of “vision” needed), a measure of the workload imposed on
the driver can be obtained.

Statistical measures of sample speed populations are con-
sidered an alternative form of design consistency that can be
used to identify potential problems of individual features on
specific roadways. Alignment features exhibiting higher val-
ues of speed variability have been identified aspotentia loca
tions for driver error. Significant changes in speed distribu-
tions may suggest that design inconsistencies are present at
that alignment feature.

Alignment indices may hold some promisefor design prac-
tice in the United States; however, the different design char-
acteristics and use of these indices must be considered when
attempting to apply thealignment indicesin the United States.
For example, German road design uses a more curvilinear
alignment than the United States, and the English use their
indices to predict a space-mean speed over extended sections
of the roadway, not a spot speed. Germany also does not pre-
dict spot speeds, astheir index predicts 85th percentile speeds
of roadway sections with similar alignment characteristics.

CONSISTENCY METHODS BASED ON
SPEED PREDICTION

Speed profile model s predict operating speeds al ong aroad-
way and determine speed differences between successive
features. These models can be used to visually check operat-
ing speeds between tangent segments and horizontal curves
along theroadway. Horizontal curves may restrict the desired
speed of drivers. Thus, to safely and comfortably traverse
sharper curves, drivers must decelerate on entering the hori-
zontal curve. The speed-profile model then assumesthat oper-
ating speeds remain constant throughout the curve. Acceler-
ation occurs on exiting the horizontal curve, and prediction
of tangent operating speedsisbased on assumed decel eration
and acceleration rates for the length and grade of the tangent
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segment. Knowledge of these components allows for the
graphical representation of operating speeds and speed dif-
ferences between features.

Severa studies have investigated the relationships between
the various speed elements. Some of the studies havetried to
predict operating speed using roadway characteristics. Fol-
lowing are the summaries of the relationships identified in
the literature.

Rural Two-Lane Highways
1999 FHWA Sudy

In alate 1990s FHWA research project, several different
efforts were undertaken to predict operating speed for differ-
ent conditions on two-lane rural highways, such as on hori-
zontal and vertical curves, on tangent sections, and prior to
or after ahorizontal curve (18). Speed data were collected at
more than 200 two-lanerural highway sitesfor usein the proj-
ect. Table A-1 liststhe devel oped speed prediction equations.
Following is a summary of the findings for different align-
ment conditions.

Horizontal Curves on Grades. Four different vertical
grade conditions were considered in the evaluation of hori-
zontal curves on grades: upgrades (0 to 4%), steep upgrades
(greater than 4%), downgrades (-4 to 0%), and steep down-
grades (lessthan —4%). Figure A-1 showsthat as Rincreases
from 0 to 400 m [0 to 1,312.3 ft], the 85th percentile speeds
increase notably for all study locations. For radii greater than
400 m [1,312.3 ft], the increase in speed is not as dramatic.
Theinverse of the radius was the variable most highly corre-
lated to the 85th percentile speed of all the variablesincluded
within the correlation matrix (see Figure A-2). The regres-
sion model developed to fit the datafor horizontal curveson
gradesincluded the single independent variable, /R.

Three of thefour speed prediction equations have intercept
values greater than the 97.9 km/h recommended by Krammes
et al. on“long” tangents (12). Long tangents were defined as
tangents where drivers can reach their desired speed for the
roadway. Therefore, in certain situations, the equations would
predict speeds higher than the assumed speed on along tan-
gent. Observed speeds on long tangents ranged from 93 to
104 km/h [57.8 to 64.6 mph] (average 85th percentile speed,
by state). Based on the data and engineering judgment, the
maximum operating speed on horizontal curves and tangents
could be rounded to 100 km/h [62.1 mph]. Thus, operating
speeds on large radius horizontal curves should be truncated
to 100 km/h [62.1 mph] (or to another desired operating
speed) when the predicted speed exceeds this value.

Vertical Curveson Horizontal Tangents. Vertical curves
on horizontal tangents were divided into three categories:
nonlimited sight distance (NLSD) crest curves, limited sight
distance (LSD) crest curves, and sag curves. Datafor thever-
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TABLE A-1 Speed prediction equations for passenger vehicles (18)

ACEQ Equation Num
(Seenote Alignment Condition q | R | MSE
1) (seenote 2) Obser.
Horizontal Curve on Grade: 3077.13
L 9% < G < -4% Ves= 10210 2L | 058 | 5195
: . 3709.90
Horizontal Curve on Grade: =105.98 -
2, %= G < 0% Vs R 25 | 0.76 | 28.46
Horizontal Curve on Grade: 3574.51
3. 0% < G < 4% Ves=104.82- T 25 0.76 | 24.34
Horizontal Curve on Grade: _ 2752.19
4. 1% < G < 9% Vg = 96.61- T 23 0.53 | 52.54
Horizontal Curve Combined with Sag _ 3438.19
5 Vertical Curve Ves= 105.32- T 25 092 | 10.47
Horizontal Curve Combined with
6. Non-Limited Sight Distance (see note 3) 13 na n/a
Crest Vertical Curve
Horizontal Curve Combined with 3576.51
7 Limited Sight Distance Crest Vertical Vgs=103.24- R 2 | 074 | 2006
Curve
(i.e, K <43 m/%) (seenote 4)
3 Sag Vertical Curve on Horizontal Vgs = assumed desired speed 7 na n/a
' Tangent %
Vertical Crest Curve with Non-Limited
9. Sight Distance (i.e., K > 43 m/%) on Vgs = assumed desired speed 6 n/a na
Horizontal Tangent
Vertical Crest Curve with Limited Sight 149.69
10. Distance (i.e., K < 43 m/%) on Vgs=105.086 ——— 9 0.60 | 31.10
Horizontal Tangent K

NOTES:

1.  ACEQ = Alignment Condition Equation Number

2. Where: Vg = 85" percentile speed of passenger cars (km/h) K = rate of vertical curvature

R =radius of curvature (m) G = grade (%)

3. Uselowest speed of the speeds predicted from AC EQ 1 or 2 (for the downgrade) and AC EQ 3 or 4 (for the
upgrade).

4. Inaddition, check the speeds predicted from AC EQ 1 or 2 (for the downgrade) and AC EQ 3 or 4 (for the
upgrade) and use the lowest speed. Thiswill ensure that the speed predicted aong the combined curve will
not be better than if just the horizontal curve was present (i.e., that the inclusion of alimited sight distance
crest vertical curve resultsin a higher speed).

5. n/a=not applicable

6.  MSE = mean square error

7.  1km/h=0.62 mph

tical curves on tangents were collected at atotal of 21 study
sights: two for NLSD crest curves, ten for LSD crest curves,
and ninefor sag curves. Theindependent variables considered
included K and 1/K (see Figures A-3 and A-4, respectively).

Of the independent variables, 1/K was most highly corre-
lated to the 85th percentile speeds, even though the correlation
was low for some conditions. The relationship between 85th
percentile speed and /K isshownin Figure A-4. Alsoincluded
on these figures are the data from the NCHRP Stopping Sight
Distance (SSD) study (19) and the plot of the selected regres-
sion equation for the limited sight distance condition.

No statistically significant regression eguation was found
for NLSD curveson horizontal tangents; therefore, the desired

speed for long tangents is assumed for this condition. This
recommendation is based on the graphical representation of
the four sites and engineering judgment.

A total of nine sag curves on horizontal tangents sites were
availablefor the analysis. Aswith the crest curves, the scatter
plot does not show a clear relationship between the variables
(see Figure A-4). Therefore, based on the plots and attempts at
developing a regression equation, it was recommended that
the desired speed on long tangents be used for this alignment
condition. Extreme sag vertical curves where the K-valueis
less than 15 may result in reduced operating speeds; how-
ever, the available data are too sparse to make a definitive
conclusion on the issue.
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Figure A-1. Horizontal curveson grades: Vg versus R (18).

Combination of Horizontal and Vertical Curves. The
analysisof the combination curves (i.e., siteswith both ahor-
izontal curve and a vertical curve) began with plotting the
speed data versus R, /R, K, and /K. Plots for Rand K are
shown in Figures A-5 and A-6, respectively. Initial evalua-
tion of the plots indicated that both R and K could influence
the speed along the combination of curves.

A statistically significant regression equation was not found
for non-limited sight distance crest vertical curvesin combi-
nation with horizontal curves. One of the reasonswasthat the
data used in the analyses were for curves with larger radii.
Drivers on a combination of large horizontal radii and non-
limited sight distance crest curves may not feel the need to
reduce speed in response to the geometry. The inclusion of
all available datafrom this study aso did not identify aregres-
sion equation with significant variables. All tested models
that used variations of R and K had both insignificant vari-
ables and very low R? values. Therefore, engineering judg-
ment must be used to determine the predicted speed for ahor-
izontal curve combined with anon-limited sight distance crest
vertical curve. Based on areview of the dataavailablefor this
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Figure A-2. Horizontal curves on grades. Vgs versus
1/R (18).
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condition and for similar conditions, the lowest speed pre-
dicted using the equation devel oped for the following condi-
tionsis recommended:

+ Assumed maximum desired speed on long tangents,

* Predicted speed using the horizontal curve radius equa-
tion for the upgrade, and

* Predicted speed using the horizontal curve radius equa
tion for the downgrade.

Using the lowest predicted speed will ensure that the speed
predicted along the combined vertical and horizontal curve
will not be better than if just the horizontal curve was present.

Limited sight distance crest curves combined with hori-
zontal curves were evaluated using the 22 study sites avail-
able. Regression analysis compared the influences of 1/K,
VR, and an interaction term. The analysis demonstrated that
only /R was significant in predicting 85th percentile speeds.

The equation developed for the combination of sag verti-
cal curves and horizontal curves included data from the 25
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Figure A-4. Vertical curveson horizontal tangents: Vs
versus /K (18).
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Figure A-5. Combination curves: Vg versus R (18).

sites. It revealed that 1/R was the only significant indepen-
dent variable.

Tangents. The estimation of speeds on curves is easier
than the prediction of speeds on tangent sections because of
the strong correlation of speeds on a few defined and limit-
ing variables, such as curvature, superelevation, and the side-
friction coefficients between road surface and tires. On tan-
gent sections, however, the speed of vehicles depends on a
wide array of roadway characteristics (e.g., the length of the
tangent section, the radius of the curve prior to and after the
section, cross-section elements, vertical alignment, general
terrain, and available sight distance). Few studies have dealt
with thisissueto date because aconsiderable databaseis nec-
essary to identify any significant trends, and asubstantial mod-
eling effort isrequired. An attempt was made using operating
speeds on 162 tangent sections of two-lane rural highways
(20). The work developed modelsfor speed prediction based
on the geometric characteristics available. Initially, a one-
mode! approach was used; however, because of the low R?
value, afamily of model swas devel oped that better predicted
operating speeds.
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Figure A-6. Combination curves: Vgs versusK (18).

Theanalyses showed that when determining 85th percentile
speeds in the middle of a tangent section, it is necessary to
observe a longer section—one that includes the preceding
and succeeding curves—because these constitute the primary
variables affecting speed. Theinfluence of secondary geomet-
ric variables was investigated and found not to affect speed as
much as the primary variables. Several geometric measures
characterizing the geometry of the entire section (the tangent
and attached curves) were developed, and the best measure
was adopted for the development of the prediction models.

After considerable examination of the 162 sites, it was
decided to assemble the datainto four groups of similar char-
acteristics. Separate prediction modelsfor the 85th percentile
speed were developed for each of the four groups and are
listed in Table A-2. The modelsfor sectionsin Groups 1 and
2 provided agood fit to the dataand could be adapted for pre-
diction purposes during the planning process for new two-
lane highways. The models for sections in Groups 3 and 4
were preliminary and need additional data. Further research
was al so suggested on the effect of some secondary variables,
such as the cross-section elements (lane width and roadside
characteristics) and the longitudinal slope on the 85th per-
centile speed on two-lane rural highways.

Other Rural Two-Lane Highway Studies

Lamm et a. studied 260 curves in New York and devel-
oped amodel based on the degree of curvature to determine
85th percentile operating speeds (21). The model originated
from his previous work on German guidelines for prediction
of operating speeds. The German approach used curvature
change rate (CCR) as the independent variable in the regres-
sion equation to estimate the operating speed. Lamm et al.
found no major differences between using degree of curva-
ture or CCR, but they recommend the degree of curvaturefor
use on most U.S. two-lanerural roads because of itscommon
usein design.

Their model to quantify design consistency separates high-
way designs into three categories (21):

1. Good Design: Change in degree of curvature less than
or equal to 5 deg, or a change in operating speed less
than or equal to 10 km/h [6.2 mph];

2. Fair Design: Changein degree of curvature greater than
5 deg and less than or equal to 10 deg, or a change in
operating speed greater than 10 km/h [6.2 mph] and
less than or equal to 20 km/h [12.4 mph]; and

3. Poor Design: Change in degree of curvature greater
than 10 deg, or change in operating speed greater than
20 km/h [12.4 mph].

A good design is considered consistent. Fair designs have
some minor inconsistenciesthat may affect thedriver’ sbehav-
ior. Poor designs have inconsistencies that cause predicted
speed differentials exceeding 20 km/h [12.4 mph] (21).
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TABLE A-2 Modelsto predict speeds on two-lanerural highway tangent sections (20)

Group Description Model R?

1 Small radii (<250 m [819.7 ft] ) SP = 101.11 - 3420/GM 0.553
Small tangent lengths (< 150 m [491.8 ft]) GM¢ (Ri+ Rp)/2

2 Small radii (<250 m [819.7 ft]) SP = 105.00-28.107/e (00106 GMw) 0.742
Intermediate tangent length (150 to 1000 m GM_=[TL + (Ry + Ry)? /100
[491.8 to 3278.7 ft])

3 Intermediate radii (> 250 m [819.7 ft]) SP =97.73 + 0.00067 GM_ 0.200
Intermediate tangent length (150 to 1000 m GM_ =[TL + (Ry + Ry) 21/100
[491.8 to 3278.7 ft])
GM_ (1500 to 7500)

4 Large tangent length (> 1000 m [3278.7 ft]) SP = 105.00-22.953/g (00012 X GML) 0.838
" reasonable” radii (i.e., does not violate the GM_ = [TL x (Ry + Ry)? ]/100
minimum-radius criterion for assumed design (Note: only based on 6 points;
speed of road) considered a preliminary model)

Where:  SP = 85" Percentile Speed (km/h),

R; = Upstream radius (m),
R, = Downstream radius (m),

TL = Tangent length (m).
1 knm/h = 0.62 mph

GMj; = geometric measure of tangent section and attached curves for short tangent lengths (m),

GM_ = geometric measure of tangent section and attached curvesfor long tangent lengths (m), and

Based on the previous work conducted by Lamm and
Choueiri, Choueiri et al. conducted research on 25 curved
roadway sections. Their results developed guidelines for
consistency of changesin operating speed and design speed
criteria. The following categorizes three different design
criteria (22):

» Good Designs. The change in the degree of curveis
<5 deg and the change in operating speed Vgs is less
than or equal to 10 km/h[6.2 mph] between successive
design elements. Design Speed Criterion: Thedifference
between the operating speed and the design speedisless
than or equal to10 km/h [6.2 mph] for the investigated
curve or tangent. For these road sections, consistency in
horizontal alignment exists and no improvementsin geo-
metric design would be necessary. No adaptations or cor-
rections between design speed and operating speed have
to be conducted.

» Fair Designs: The change in the degree of curveis5 <
DC < 10 deg and the change in operating speed 10 km/h
< Vg5 < 20 km/h [6.2 mph < Vg5 < 12.4 mph] between
successive design elements. Design Speed Criterion: The
difference between the operating speed and the design
speed is10 km/h < Vg — Vd < 20 km/h [6.2 mph < Vgs —
Vp < 12.4 mph] for the investigated curve or tangent.
These road sections exhibit minor inconsistenciesin geo-
metric design. Normally, correcting the existing aign-
ment may be avoided by using low-cost warning devices.
Superelevation rates in curves should be related to the
expected 85th percentile operating speeds with respect to
the degree of curve and not to the design speed.

» Poor Designs: The changein the degree of curveis>10
deg and the change in operating speed Vg > 20 km/h
[12.4 mph] between successive design elements. Design
Speed Criterion: The difference between the operating
speed and the design speed is >20 km/h [12.4 mph] for
the investigated curve or tangent. These road sections
represent strong inconsistencies in the horizontal geo-
metric design that may result in critical driving maneu-
vers. Crash rateswill be higher for these road sections.
The 85th percentile operating speed should not be
allowed to exceed the design speed by morethan 20 kmv/h
[12.4 mph]. If such adifference occurs, anincreasein the
design speed is recommended.

In a 1991 Public Roads article on advisory speed-setting
criteria, Chowdhury et al. (23) reported on speed data for 28
horizontal curves in three states (Maryland, Virginia, and
West Virginia). They measured the 85th percentile speed and
determined the corresponding horizontal curve design speed.
The inferred design speed was computed using the standard
superelevation equation given the degree of curvature and
measured superelevation rate near the midpoint of the curve
and assuming that the maximum coefficient of side friction
recommended by AASHTO was not exceeded. All of the
curveswith adesign speed of 81 km/h [50.3 mph] or less had
85th percentile speeds that exceeded the design speed. Only
onthe single 97 km/h [60.3 mph] design speed curve wasthe
observed 85th percentile speed less than the design speed.

In a previous FHWA study, speed data were collected at
138 horizontal curveson 29 rura two-lane highwaysin five
states (New Y ork, Oregon, Pennsylvania, Texas, and Wash-
ington) in three geographic regions (12). Inferred design
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speed was determined from the standard superel evation equa-
tion given the degree of curvature and measured superele-
vation rate near the midpoint of the curve and assuming that
the AASHTO maximum coefficient of side friction was not
exceeded. The data, shown in Figure A-7, indicate that the
85th percentile speed exceeded the inferred design speed on
all but two curves with design speeds of 80 km/h [49.7 mph]
or less. In contrast, the 85th percentile speed was less than
theinferred design speed for all curveswith design speeds of
110 km/h [68.4 mph] or more. For the curves with 100 km/h
[62.1 mph] design speeds, an almost equal number had 85th
percentile speeds greater than and lessthan theinferred design
speed. The disparity between the 85th percentile speeds and

inferred design speedsis greatest for the lowest design speeds.
The data in these studies clearly show that the radius of the
horizontal curve affects operating speed.

The recent NCHRP study on stopping sight distance mea-
sured operating speed on limited sight distance crest vertical
curves (19). Figure A-8 shows the measured speeds versus
inferred design speed. The plot indicates that as the inferred
design speed increases (i.e., greater available sight distance),
operating speeds are higher. The reduction in speed between a
control location and acrest vertical curve was aso determined
in the study. The data indicated that available sight distance
appears to influence mean speed reductions. Specificaly, the
mean reductions in speed between the control and crest sec-
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tions tend to increase as available sight distance decreases;
however, the reduction in speed islessthan that suggested by
the current AASHTO criteria.

McL ean (24,25) also found similar design speed/operating
speed disparities on rural two-lane highways in Australia.
McL ean found that horizontal curveswith design speedsless
than 90 km/h [55.9 mph] had 85th percentile speedsthat were
consistently faster than the design speed, whereas curves
with design speeds greater than 90 km/h [55.9 mph] had 85th
percentile speedsthat were consistently slower than thedesign
speed. McLean’s findings prompted a revision of the Aus-
tralian design procedures for roadways with lower design
speeds.
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Schurr et al. (26) devel oped regression equations for hori-
zontal curveson rural two-lane highwaysin Nebraska. Posted
speedsranged from 88.6 to 104.7 km/h [55 to 65 mph] for the
sites used in the analysis. The regression model devel oped
for the 85th percentile speed resulted in the approach grade,
deflection angle, and curve length being the significant inde-
pendent variables (see Table A-3). The authors noted that the
design speed used to devel op the horizontal curve elements of
the roadway aignment should match the observed 95th per-
centile vehicular speeds. Figure A-9 showsthe observed 95th
percentile speeds at the midpoint location versustheinferred
design speed determined from the geometric elements of hor-
izontal curves at each of the 40 sites. The inferred design

TABLE A-3 Regression equationsfor horizontal curvesin Nebraska (26)

L ocation Regression Equation Num. R? M SE
Obser.
85" Percentile Speed
Midpoint of Vs, mia = 103.3 - 0.1253 DA + 0.0238L - 1.038G, 50 0.46 14.13
Horizontal Curve
85" Percentile Speed Vs, ap = 70.2 + 0.434Vp - 0.001307T ppr 50 0.19 23.04
Approach
where:

Vs, mid = 85" percentile speed at free-flow passenger cars at the curve midpoint (km/h).

DA = deflection angle (decimal degrees).
L = arclength of curve (m).
Gy = approach grade (percent).
Vs, app = 85" percentile speed of free-flow passenger cars at the approach location (km/h).
Vp = posted speed (knvh).
Tapr = averagedaily traffic (vehicles per day).
1 km/h = 0.62 mph.
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Figure A-9. Observed 95th percentile speed versus inferred 95th percentile
speed based on 2001 Green Book model at the midpoint location (26).
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speed was determined using the 2001 AASHTO model. For
17 of the 40 sites, the 95th percentile operating speed was
greater than the inferred design speed. All these siteswerein
the 55-mph posted speed category. The authors commented
that there appears to be no direct relationship between 95th
percentile operating speed and inferred design speed. This
finding supportsthe view of some researchersthat somedriv-
ers determine their desired speed based on what they per-
ceive to be reasonable for certain roadways types (such as
rural two-lane highways).

Jessen et al. (27) collected speed data on 70 crest vertical
curves in Nebraska. Multiple linear regressions were used to
determine the crest vertical curve, roadway, traffic, and speed
characteristics that affect speeds on crest vertical curvature.
The posted speed of the highway was found to have the most
influence on the operating speed. Theinferred design speed of
the vertical curveswas not a significant factor.

A recent project completed in Europe was reported by
Cardoso et a. (28). In this study, 50 curvesin four countries
were studied for their effects on speed. Unimpeded speeds
were examined using severa different variables:

* Curveradius,

+ Curvelength,

e Lanewidth,
 Shoulder width, and
+ Longitudina gradient.

Of those variables, theonly significant termswere curveradius
and the 85th percentile speed on the preceding tangent. Mod-
els were developed for each of the countries included in the
datacollection effort (France, Portugal, Greece, and Finland).
Table A-4 lists the equations. A similar form was obtained
for three of the countries, resulting in equations containing
the reciprocal of RYZ the equation for the remaining country
(France) used the reciprocal of R?. A common mode! for the
compl ete database was devel oped using the reciprocal of RY2,
although it was decided that the models developed for the
individual countries were superior. The models devel oped
were as follows.

In addition to the 50 curve sites, 80 tangents were also
studied. Characteristics representing the 500 m preceding
the speed measurement section of the tangent included the
following:

+ Average bendiness,

* Average lane width,

» Average shoulder width,
» Total upgrade,

» Total downgrade,

» Average gradient, and
 Total hilliness.

Because al variables were not available in each country, a
common equation was not developed. Equations devel oped
to estimate speeds on tangents are listed in Table A-5.

TABLE A-4 Regression equations for unimpeded speeds on curvesin Europe (28)
Country Regression Equation Num. R? MSE
Obser.
France S85=49220 292736 + 0454 XS85 28 0.80 4.02
R2 AT
] 337.780
Finland S85= 51765 Jﬁ + 0.6049 X SSSAT 5 0.71 5.92
294.000
Greece S85= 41363 R 0699x S85,; 9 0.92 591
271500
Portugal S85= 25010 R 0877x S85,; 35 0.90 6.1
Complete 289.999
database S85= 35086 +0.759X S85,; +C 77 087 5.8
VR
Where:
85 = 85" percentile of the unimpeded speed distribution (km/h).
R = curveradius.
S85,r = 85" percentile of the unimpeded speed on the tangent immediately preceding the curve section (km/h).
c = constant used to adjust the Y intercept for each country, with
¢ = 0.000 Finland c -3.665 France
¢ = -0.033 Greece c 2.107 Portuga
1 km/h = 0.62 mph.
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TABLE A-5 Regression equations for unimpeded speeds on tangentsin Europe (28)
Country Regression Equation Num. R? M SE
Obser.

France B85 =97.737 + 0.007436 L - 45.707Bend 28 0.65 54
Finland B85 =-17.17 + 0.02657L + 33.711LW - 21.936SW 5 0.768 5.6
Greece B5 = 134.069 - 3.799Hill - 126.59Bend 9 0.92 6.12
Portugal S85 =-29.95 - 34.835LW - 0.0347PRad - 43.124Bend 34 0.82 7.58

Where:

85 = 85" percentile of the unimpeded speed distribution (km/h).

L = Tangent length (m).

Bend = Bendiness (degree/km).

LW = Lanewidth (m).

Hill = Hilliness (percent).

PRad = Radiusof the curve preceding the tangent section (m).

1km/h = 0.62 mph.

Summary of Speed Prediction Models

Several studies have investigated the relationship to oper-
ating speed of design speed and various roadway character-
isticson rural two-lane highways. Horizontal curvatureisthe
most researched design element related to operating speed.
As evidenced by the vast number of studies available on the
topic, a definite relationship exists between operating speed
and horizontal curvature. In general, astheradius of the curve
decreases or the degree of the curve increases, the operating

speed decreases. Several models have been devel oped to pre-
dict the operating speed on arural two-lane highway horizon-
tal curve. Table A-6 summarizesasampl e of these model sthat
predict speed at the midpoint of a horizontal curve. Table A-7
summarizes the findings from the research on operating speed
relationships on tangent sections of rural two-lane highways.

Equations have al so been developed for vertical curvature
and for combined horizontal and vertical alignment on rural
two-lane highways, although not to the extent that equations
have been developed for only horizontal curvature.

TABLE A-6 Variablesinfluencing midpoint horizontal curve operating speed for rural two-lane

highways (11)

Influencing Roadway or Roadside Variable

Author (year) o o

S| g | 3|5 %

20 Q 2

k] % 5 | BP B e R

8 @ 5 (|8<| § o

IS [a}

oy 5} €

o — -
Tarigan (1954) 74
Dept of Main Roads, New South Wales (1969) X 83
Emmerson (1969) X na
McLean (1979) X X 92
Glennon (1983) X 84
Lamm (1988) X 79
Krammes et al. (1993) X X X 82
Islam et al. (1994) X 98
Fitzpatrick et al. (1999) X X 53-76
Schurr et al. (2002) X X X 46
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TABLE A-7 Variablesinfluencing operating speed on tangent for rural two-lane highways (11)

Influencing Roadway or Roadside Variable
Author (year) 9 id
> £
= [))
< o 2 g R?
= '§ ‘g c >
B8P 5 = )
58¢c ! S | 3 | B
T 33 < [ X o a
Parma (1999) NF X X NP
Polus et al. (2000) X NF X 23-55

* NP =not provided.
NF = study design limited range for this variable.

X = found to be statistically significant or correlated with operating speed.

CONSISTENCY METHODS BASED ON DRIVER
WORKLOAD

Workload Definition

Workload has been defined by Senders (29) as “a measure
of the‘effort’” expended by ahuman operator while performing
atask, independently of the performance of the task itself.”
Another definition of workload was given by Knowles (30)
as consisting of the answer to two questions: “How much
attention is required?’ and “How well will the operator be
able to perform additional tasks?’ The definition presented
by Knowles is very appropriate to the driving environment,
given that it consists of many overlapping tasks, each requir-
ing a portion of the driver’s attention. A method of examin-
ing the workload demands placed on the driver would appear
to be a way of directly arriving at the capabilities of the
driver as he or she negotiates a given roadway. Kanellaidis
states that design consistency isindirectly associated with
how drivers maneuver geometric features, while driver
workload is directly related to it (31).

Messer defines driver workload as “the time rate at which
driversmust perform agiven amount of work or driving tasks’
(32). He indicates that driver workload increases with reduc-
tionsin sight distance and increasing complexity of geometric
features. Glascock concluded that “combinations of features
increase workload and may be more hazardousto driversthan
successive features with adequate separation” (33). Thus, a
horizontal curve combined with avertical curve may increase
the driver workload associated with guidance and control by
(1) having alignment features that, in combination, reduced
sight distance (guidance) and (2) requiring more complex
vehicle maneuvering (control). If the combination of hori-
zontal and vertical features includes an unexpected or
extreme feature, the workload isincreased even more. Con-
sequently, as the complexity of the geometric feature
increases, the higher the workload and the greater the prob-
ability of asignificant speed change.

Workload as a Measure of Design Consistency

In Messer and Messer et a.” s studies of roadway design and
its effect on driver performance, considerable attention has
been given to the concept of mental workload as an approach
to measuring or rating the design (32, 34). The driver ismore
or less continuously processing visual and kinesthetic informa-
tion, making decisions, and carrying out control movements.

Generally, little visual information processing capacity is
required of the experienced driver to perform the driving
task. It is performed almost at a subconscious level as long
asthe roadway isfree of traffic and obstacles and aslong as
the driver’s visual evaluations are consistent with the track-
ing requirements. Consistency of the visual evaluation of the
roadway with the actual roadway requirementsisafunction
of the sight distance and the driver’s expectancies regarding
theroadway. A consistent roadway geometry allows adriver
to accurately predict the correct path while devoting little
visua information processing capacity, thus allowing atten-
tion or capacity to be dedicated to obstacle avoidance and
navigation.

The studies reported by Messer and Messer et a. (32, 34)
presented a method of evaluating driver workload. By gath-
ering empirical evidence regarding driver expectations of
roadway features and relating violations of those expectan-
cies to workload, a model was formed. The model is based
on the presumption that the roadway itself provides most of
the information that the driver uses to control the vehicle;
hence, the roadway imposes a workload on the driver. This
workload is higher during encounters with complex geomet-
ric features and can be dramatically higher when drivers are
surprised by encounters with combinations or sequences of
severe geometric features (see Figure A-10).

The driver workload procedure quantifies design consis-
tency by computing a value for driver workload. The tech-
niquerelies on a set of assigned ratings devel oped for various
roadway elements. Roadway featuresreceiving ratingsare (in
order of severity) bridges, divided highway transitions, lane
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Figure A-10. Example of compound geometric
inconsistency (32).

drops, intersections, railroad grade crossings, shoulder-
width changes, alignment, lane-width reductions, and the
presence of crossroad overpasses. The ratings, based on the
type and severity of design element, are then modified in
accordance with their location. Influencing factors include
sight distance to the element, similarity to previous elements,
workload of previous segments, and percentage of driversesti-
meated to be familiar users of the facility. The workload along
the roadway is estimated using an equation which defines a
subjective Level of Consistency (LOC) in terms related to
driver workload (32). The results from the design consistency
procedure are reported in arange extending from A, “no prob-
lem expected,” to F, “big problem possible.”

Although two recent studies (10, 35) have indicated gen-
erally acceptable results when relating crash rates and the
workload values derived using Messer et a.’s procedure,
problems have arisen when attempting to use the procedure
in locations with closely spaced features. Workload carry-
over effects may be overstated in those cases, although con-
clusive evidence has not been published.

In a1990 study directed primarily at studying motorcy-
clesafety, Hancock, Wulf, Thom, and Fassnacht (36) found
increased mental workload during turn sequences when com-
pared with straight driving. Workload was measured through
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the use of response time to the illumination of a probe light;
subjective workload judgments were aso measured through
use of the National Aeronautics and Space Administration
(NASA) Task Load Index procedure and the United States Air
Force Subjective Workload Assessment Technique. No signif-
icant differencein workload for left and right turnswasfound,
although the conseguences of failing to detect an oncoming
vehiclewere noted to be quite different for the two maneuvers.

Vision Occlusion

Using an approach initially reported by Senderset a. (37),
Krammes et al. (12) examined design consistency for hori-
zontal curvesusing vision occlusion to study driver workload.
Vision occlusion was used to determine the effective work-
load on the driver. Drivers wore an occlusion device that pro-
vided fixed-length glimpses of the roadway in response to
presses of a switch. Recording the frequency and location of
requested glimpses provided a measure of the amount of
information needed to traverse the roadway successfully.
They found that workload increased linearly as the degree of
curvature increased, increasing on the approach to and peak-
ing near the beginning of horizontal curves. No effect was
found for deflection angle.

Extending the work begun by Krammes et a. (12), alate
1990s FHWA research study explored the use of vision occlu-
sion to evaluate design consistency (38). Like the previous
study, atest-track study was used to examine driver work-
load; however, companion efforts were also performed using
on-road and simulator studies. Curve sequence, separation
distance between curves, radius, and deflection angle were
examined through the use of vision occlusion and subjective
ratings. Vision occlusion is a technique that measures driver
visual demand on aroadway. When testing, the driver could
request a glimpse of the road for a set interval of time by
pressing afloor-mounted button with hisor her | eft foot. Driv-
ers were instructed to request only as much vision as neces-
sary to stay on the course. Subjective ratings using a modified
Cooper-Harper scale were also collected from the partici-
pants. Efforts to include heart-rate variability as ameasure of
driver workload were discontinued after collecting initial data
and thoroughly exploring the suitability of its use in a short-
term, transient task such as traversing a highway curve.

The study found that visual demand was closely related to
radius. Visual demand was defined as the percentage of time
that the driver is actively looking at the roadway and was
measured by use of avision occlusion visor that blocked the
driver’'s vision when vision had not been requested by the
driver by the use of afloor-mounted switch.

Relationships between visual demand and the inverse of
radius were determined for various conditions, including test
track, on-road, and simulator studies in the analysis (39).
Although the overall level of visual demand was different for
each study type, similar results were found when the slopes
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were compared (see Figure A-11). That is, when differences
in workloads were compared between various radii, similar
findings resulted. The exception to that similarity occurred
when visual demand over the complete curve was compared
between the test track and simulator studies. Thetrendswere
generaly similar, however, and comparisons over thefirst 30
m [98 ft] of the curves resulted in afinding of no significant
difference (see Figure A-12). Because the 30 m [98 ft] com-
parison was judged more critical than the complete curve,
generaly satisfactory comparisons were found. The general
trend of the “workload” on the curves as reflected by the
visual demand valueswas confirmed by thefindingsfromthe
use of the Cooper-Harper modified scale. Driverswere asked
to estimate the difficulty of driving the horizontal curves
using the scale (1-10 subjective difficulty scale); the small
radius curveswerefound to bejudged moredifficult to drive.

Additional work undertaken in the late 1990s FHWA
study included comparisons between curves preceded with
varying tangent lengths and with curve pairs with differing
curve orientation (i.e., widely separated S-curves, widely sep-
arated broken-back curves, closely separated S-curves, and
closely separated broken-back curves). Although statistically
significant results were obtained, the findings were some-
what difficult to interpret with only small overall differences
invisua demand.

CONSISTENCY METHODS BASED ON
SPEED VARIANCE

Analysisof potential relationships between speed variabil-
ity and geometry may identify inconsistent locations. Cur-
rently, design speed policy does not consider speed variations
within and between design elements.

The purpose of alate 1990s research study was to identify
the relationship between rural two-lane highway geometry
and speed variability (38). Locations with geometric features
exhibiting higher values of speed variability may belocations
associated with driver error. Significant changesin speed dis-
tribution measures may also suggest that design inconsisten-
cies are present between alignment features. One basis for
using descriptive speed statistics originates from the idea that
speed variance—not speed magnitude—is the issue (40).

Drivershave adesired operating speed—the speed at which
they would operate if unimpeded by other traffic. Assuming
that desired speeds are related to free-flow speeds, desired
speeds can be approximated using a sample of free-flow
vehicle speeds. The similarities between desired and free-
flow speeds suggest that free-flow speeds depend on driv-
ers perceptions of the roadway conditions, environment,
and geometry. Thus, free-flow speeds and the statistical mea-
sures associated with them may identify alignment deficien-
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cies. A common hypothesis in traffic flow theory is that
speeds, particularly of free-flowing vehicles, are normally
distributed. Continuous distributions have interval scaleswith
certain properties defined in terms of actual units of mea-
surement (41). It isbelieved that vehicle speeds on roadways
follow a continuous distribution and that distribution mea-
sures could identify geometric deficiencies.

The hypotheses that would enable speed variance mea-
sures to be used to evaluate geometric design consistency
do not appear to be valid. In general, there was low corre-
lation between geometric features and speed variance. Large
differences in speed variance existed for the different design
and posted speeds. As expected, there was a relationship
between speed distribution measures of successivefeatures,
but this relationship resulted from sampling the same driv-
ers. Speed standard deviation does appear to change between
horizontal curves and tangents, but the changeisin the direc-
tion of the lower, rather than the higher, speed variance on
horizontal curves than on tangents. This finding makes the
use of speed variance inappropriate in identifying design
inconsistencies.

These resultsindicate that speed variance is not an appro-
priate measure of design consistency for horizontal curveson
rural two-lane highways. Although an increasein speed vari-
ance may be an indicator of potential safety problems for
some geometric design features or traffic situations, it is not
useful in explaining safety differences between tangents and
horizontal curves on two-lane highways.
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CONSISTENCY METHODS BASED ON
ALIGNMENT INDICES

Alignment indices are quantitative measures of the general
character of aroadway segment’ salignment. Average radius
per roadway section, average vertical curve, curvature change
rate per kilometer, and others are examples of alignment index
measures that have been devel oped to define the general char-
acteristics of aroadway section. Table A-8 lists a sample of
alignment indices. Intheory, roadway sectionswith significant
changes in horizontal or vertical alignment have alignment
index values requiring more driver information processing to
perform the driving task.

Speed and geometry data from a sample of rural two-lane
highway sectionsin six states were used to determine whether
alignment indices are statistically significant predictors of tan-
gent speeds (38,42). The findings of a 1990s FHWA research
project indicated that, although afew reasonable models were
developed, alignment indices by themsel ves and combinations
of alignment indices and other geometric variables were not
statistically significant predictors of 85th percentile speeds on
long tangents of rura two-lane highways (38,42).

DESIGN CONSISTENCY METHODS IN
OTHER COUNTRIES

Design consistency iswidely used in other countries. The
Australian guidelines include “a consistency check that the

TABLE A-8 Alignment indices selected for evaluation (38)

Horizontal Alinement Indices
» Curvature Change Rate - CCR (degrees/km)

here:
Eh‘_ wbere

= deflection angle (degrees)
L L =

length of section (km)

» Degree of Curvature - DC (degrees/km)
E DC, Where:
Z "I DC = degree of curvature (degrees)

L L = length of section (km)

» Curve Length: Roadway Length - CL:RL
E (CL), where:

— ' CL =curve length (m)
L L = length of section (m)

* Average Radius - AVG R (meters)
E R, Where:
! R = radius of curve (meters)
n n = number of curves within section

* Average Tangent - AVG T (meters)

where:
E (TL)!' TL = tangent length (meters)
n n = number of tangents within
section

Vertical Alinement Indices
* Vertical CCR - V CCR (degrees/km)
E A where:
= ! A = absolute difference in grades
L (degrees)
L = length of section (km)

* Average Rate of Vertical Curvature - V AVG K
(meters/percent)

length of vertical curve (km)
algebraic difference in grades
n (%)

n = number of vertical curves

L2
>
[

* Average Gradient- V AVG G (meters/km)
E ! AE | where:
“ '~ 11 AE = change in elevation between

L VPI., and VPI, (meters)

L = length of section (km)

Composite Alinement Indices
* Combination CCR - COMBO (degrees/km)
where:

A = deflection angle

YA Y4, (degrees)
L o¥ ! A = absolute difference in
L L grades (degrees)

L = length of section (km)
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design speeds of successive elements should differ by no
morethan 10 km/h” (43). French researchers have found that
“a consistency check is important and that safety problems
are associated with sharp horizontal curvesthat are preceded
by long tangents” (44). The French policy specifies “amini-
mum radius following long tangent segments.”

Babkov suggests a classification technique for analyzing
isolated curves following long tangents (45). His procedure
compares the change in operating speeds between the tangent
and the horizontal curve. Therecommendationsareasfollows:

» “Safe curves’ exist when the change in speeds is less
than 20%;

» “Relatively safe curves’ exist when the changein speeds
is between 20 and 40%;

» “Dangerous curves’ exist when the change in speedsis
between 40 and 60%; and

* “Very dangerouscurves’ exist when the changein speeds
is greater than 60%.

Several countries have developed speed profile models
and consider themin the design process. Switzerlandinitially
developed speed profile models based on curve radius. Ger-
many uses arating of the roadways curvature to predict speed.
Following isasummary of how consistency is considered in
Australia, Britain, and Germany.

Australia

The Australian design guide for rural roads incorporates a
procedure for evaluating speed consistency (43). McLean per-
formed much of the research that led to this procedure (46).
McL ean was also thefirst to define desired speed in the way
it is used in this paper: “the speed at which drivers choose
to travel under free-flow conditions when they are not con-
strained by alignment festures.” McL ean suggested that desired
speed wasinfluenced by such factorsasthe purpose of thetrip,
proximity to urban areas, and the amount of time that traffic
was on the road; he also suggested that desired speed was
influenced by the geometric characteristics, or the overal stan-
dard of alignment, of the roadway. The Australian design
guide provides a table of standard values for the speed envi-
ronment of aroadway (i.e., desired speed), based onMcLean’s
work, for different terrain types (e.g., flat, undulating, hilly,
mountainous) and ranges of horizontal curve radii (43).

Britain

British designers incorporate the horizontal and vertical
components of aroadway section into one overall alignment
value. British design practice describes the concepts as the
“bendinessand hilliness’ of aroadway (47). The design speed
is based on atria alignment. Alignment indices are used to
determine actual “journey” speeds based on predetermined

models that are compared with the design speed for the road-
way section. This iterative approach requires detailed geo-
metric information prior to thefinal completion of the design.
British standards call for ajourney speed over aroadway sec-
tion that is defined based on the homogeneity of roadway sec-
tions with a minimum section defined as no less than 2 km.
Average curve characteristics, average visibility, the number
of access points per kilometer, road type, and shoulder width
are generally the variables used to predict the journey speed
over the section. The journey speed is calculated and then
compared with the trial design speed for the section.

The layout constraint measures the degree of constraint
imparted by various characteristics of the roadway and is
determined based on the following roadway conditions (47):

* Road type,

» Travelway width,

 Degree of access and junction, and
* Shoulder width.

Unfortunately, thejourney speed approach does not consider
the microscopic inconsistencies associated with transition
points between features. Thus, although the journey speed
model may predict a speed that is consistent with the design
speed, along tangent or large radius curvefollowed by asmall
radius curve may enter into the design without producing a
journey speed less than the design speed.

Germany

In determining the design consistency of their roads, Ger-
man designers use a parameter for the horizontal alignment
called the curvature change rate (CCR). The CCR isthe sum
of angular changesin the horizontal alignment divided by the
length of the highway section. This parameter is used in an
attempt to prevent unsafe changes in operating speeds and to
describe the overall operating characteristics of aroad (48).
German designers take other parameters into consideration
in checking the consistency of roadway design. These param-
etersinclude the lengths of circular curves, transition curves,
and tangents aswell astheradii of all circular curves. In addi-
tion, nomographs in the German design manual are used to
provide guidance on safe combinations of successive curves.

There are mixed views on the applicability of the CCR
method for possibleusein the United States. Someresearchers
argue that the CCR method is most convenient for predict-
ing changesin operating-speed profile along arural roadway
brought about by inconsistencies in the horizontal align-
ment—compared with a graphical speed-profile technique
proposed for use in the United States and a theoretical speed
model used by the Swiss highway design community (22).
Lamm, Hayward, and Cargin suggest that the CCR method
would be* convenient to usein the process of locating incon-
sistencies in horizontal alignment and that it can be easily
adapted to the American design system”; however, they also



think that “because the German method assumes similarities
of road characteristics within a given road section, this pro-
cedure may be difficult to introduce into overall American
design practices’ (49).

The CCR method has other disadvantages as well. While
roads in Germany are designed with few tangents and many
curves, U.S. designsuse simplecircular curveswith long tan-
gents to allow for passing and overtaking maneuvers. The
curvilinear alignment used in Germany allows for an easy
determination of sections of roadway with similar align-
ments, however, it was difficult in determining sectionswith
similar alignmentsin applying the CCR procedure to a sam-
ple of roadsin the United States. A final disadvantage is that
Germany relies on the subjective selection of segments that
are “homogeneous’” when computing the CCR.

The research of Lamm et a. showed that in the case of
curvilinear alignment, which iscommon practicein Germany,
the CCR method may be more advantageous to use than the
Degree of Curvature method.

SUMMARY OF LITERATURE REVIEW

The methods for evaluating and guaranteeing design con-
sistency on rural highways can be divided into those based
on design speed and those based on operating speed. In the
United States, AASHTO' s design-speed approach isthe stan-
dard; however, it has some problems that may not guarantee
the desired consistency in all situations. International prac-
ticeand U.S. research confirm that methods based on oper-
ating speeds should also be used to ensure design consis-
tency. These methods are even more important in low
design-speed rural highways where the operating speeds are
higher than the design speeds.

The 85th percentile of a sample of speeds measured at a
specific location is generally accepted as a measure of the
operating speeds on that location. Therefore, the ability to
predict the 85th percentile speed using geometric variablesis
critical to the operating speed-based methods. Research and
foreign practice have identified horizontal radius asthe main
variablewhen estimating speeds on horizontal curvesonrural
two-lane highways. Passenger car speeds on vertical curves
are mainly affected by rate of vertical curvature. Trucks and
recreational vehicles are affected by grade and the length and
steepness of grade.

There are two main problems with existing approaches to
design consistency. One is the inability to study combina-
tions of horizontal and vertical alignments. Horizontal align-
ments combined with vertical alignmentsincrease the driver
workload and the potential for speed changes. Currently, the
only aternative to check consistency on combined alignments
isto look at athree-dimensional perspective of the alignment.
This method is not quantitative and cannot measure the effect
of the alignment on driver behavior. The other problem is
that the speed prediction equations were developed for pas-
senger cars only. Trucks and recreational vehicles may be
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affected differently than passenger cars by combinations of
horizontal and vertical alignment.

Alignment indices have been developed in England and
Germany where they are used as a tool in the design of the
roadways. The alignment indices used in England and Ger-
many help predict the 85th percentile operating speeds of
motorists. In trying to estimate the 85th percentile operating
speeds on long tangents, previous studies reviewed in this
chapter used either the intercept of alinear regression equa-
tion for curves or the mean of the 85th percentile operating
speeds as the estimated speed.
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APPENDIX B

B-1

GEOMETRIC DESIGN FEATURES THAT INFLUENCE DESIGN CONSISTENCY

Design consistency is atool or measure used to evaluate
or modify roadway designsfor consistency with driver expec-
tancy. Features should be considered from the viewpoint
that they affect driver decision-making or ability. The poten-
tial for the inclusion of particular geometric features for use
inadesign consistency methodol ogy iscontingent on whether
afeature affects driver response or behavior.

A survey was undertaken to review geometric design fea-
tures that could influence design consistency. A total of 17
design engineers, consultants, law enforcement personnel, and
accident reconstructionists were contacted and surveyed via
telephone. The survey provided aview of those geometric fea-
tures that the respondents considered most critical for design
consistency. Features were rated on ascale of 1to 10 (1 being
least influential and 10 being most influential); a score of 0
was assigned when respondents did not believe the feature
had an influence on design consistency.

The elementsin the survey arelisted in Table B-1. The 40
features (e.g., vertical curve and pavement cross-slope) or
feature aspects (e.g., radius of horizontal curve and intersec-
tion skew angle) had an overall averagerating of 3.7, although
arelatively clear demarcation was present between features
commonly indicated to have a high influence on design con-
sistency and those thought to have alow influence on design
consistency.

GEOMETRIC ELEMENTS SURVEY FORM
Design Consistency Background Information

Transportation safety research is needed to reduce the num-
ber and severity of accidents on roadways. Safety through
proper roadway designsisessential to minimizing the decision-
making process and driver uncertainties.

Currently, there is strong interest in evaluating roadway
designs to ensure that features are consistent with drivers
expectations. Inconsistent features or combinations of fea-
tures place a greater demand on the driver, resulting in the

potential for greater driver error in the decision-making
process and increased driver uncertainties, while consistent
features allow the driver to drive with minimal effort. In
essence, roadway designers want to design roadways that do
not surprise drivers or require unexpected operator inputs
that might result in erratic driving maneuvers. The design
consistency concept is based on this premise.

Although “design consistency” has several aspects, this
research project seeks to ascertain how drivers interact with
theroadway in arural environment and, specifically, to iden-
tify those roadway features on rural two-lane roadways that
can surprise drivers because these features may not conform
to the driver’s expectations of the roadway.

INTERVIEW QUESTIONS AND RESPONSES

Tables B-2 through B-6 relate the survey questions and the
responses that were given.

SUMMARY OF SURVEY RESULTS

The survey of design engineers, consultants, law enforce-
ment personnel, and accident reconstructionists revealed
what geometric features these individuals believe are most
critical for design consistency. The features were rated on a
scale of 1to 10 (1 being least influential and 10 being most
influential); a score of 0 was assigned when respondents did
not believe the feature affected design consistency.

The 58 features (e.g., vertical curve and pavement cross-
slope) or feature aspects (e.g., radius of horizontal curve and
intersection skew angle) had an overall averagerating of 3.7,
although arelatively clear demarcation was present between
features commonly indicated to have a high influence on
design consistency and those thought to have alow influence
on design consistency.

Tables B-7 through B-18 relate the response rating scores
for the 12 individual elements of the survey.
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TABLE B-1 Elementscontained in the survey

General Elements
*  Driveways (access points)

Horizontal curve
*  Presencein genera

*  Topography (mountainous/rolling/plains) * Radius
*  Tangent length (length of straight section) ¢ Deflection angle (bend)
*  Cross-slope (slope across the roadway) * Length

®  Superelevation (banking)
Sght distance Shoulder
* Inadequate vs. adequate *  Presence

*  Along aroadway
* Atanintersection

*  Type (paved/gravel/grass)

Intersections

*  Presencein genera

*  Skew angle (crossing angle)
*  Channelization

Obstructions along the road
*  Presencein genera

* Visua obstruction

*  Impact problem

* Lighting *  Continuous

*  Speed change lanes (refuge lanes) * Intermittent

Median Drainage Structures

*  Presencein genera * Ditch or channel aong the roadway

e  Type ¢ Ditch or channel crossing the roadway
*  Width ¢ Ditch shape

e Transition from no median to median
* Transition from median to no median

Vertical curve

* Presencein genera
° Sy

* Crest

®  Sharpness

* Length

Combined Features

* Horizonta and vertical curves

e Horizontal curve and an intersection
* Vertical curve and an intersection




TABLE B-2 Responsesto question 2

2. Arethere specific locations that you have encountered wher e roadway features (e.g., sharp horizontal
curves) werethemajor contributor to crashesor conflictson rural two-lane roadways? Why?

Interview #

Response

1

Hidden conflict points that are hidden. SSD alleviate? Some have problem — not enough
traffic? SSD may not be enough.

Rumble stripsin lane T-intersections may help

Problem when combined with a crest or sag vertical curve.

Inconsistent I1SD left vs. right
» Sensethat it's OK oneway o it's OK both. Compare.

Intersections with good ISD but lefts off main poor; gap view from incoming traffic
Skewed intersections turning in or out

Infrequent sharp curves

Paved narrow with no shoulder but straight and high-speed

Close intersections and multi-leg intersections

Construction zones — narrow with barrier on both sides (confinement with no drainage)

Isolated features (inconsistent design) seem to be a problem (i.e., one jug handle, one left
exit)

Lessthan 12 ft [3.7 m] lane (11 ft [3.4 m] with aggregate shoulders get a drop-off with no
room for error. (Try to put a2 ft [0.6 m] bituminous “bumper” with aggregate to eliminate
drop-off)

Restricted speed curves — 55 mph [89 km/h] speed limit and don't see signs or otherwise
are not ready to react to the presence of the curve at night

Because of inadequate SD
» Skewed intersections with bad horizontal alignment
» Bad crest vertical curve at intersections

Biggest problem — inconsistent roadway straight section leading into a sharp curve.
Dismisses the warning signs. Let people know they need to slow are or correct the curve.

T-intersection signage (on leg). OK if good visibility and daylight, but signs should be
used more (relatively cheap).
Sharp curves with poorly placed signage (too far preceding with no follow-up)

Horizontal curve leading to T-intersection. Tried transverse rumble strips, flashing lights,
and safety lighting, but did not find a satisfactory solution

Many driveways and intersections are located just beyond crest vertical curves. The cause
is sight distance — should provide better. Construct a separate turn lane so school buses
could get out of through lane.

10

Trouble on one good high-speed road. Straight for 5-6 mi [8-9.7 km] then sharp S-Curve.
Even locals have problem. Possible super-elevation bad. Tight S-curve. Head-ons and
rollover. Surprise after straight stretch.

11

Speed limit/vehicle speed vs. sight distance (Speed limit set too high for location) at
intersections. Speed Limit usually too high with respect to intersections

12

No. Only confusionisin older driverswho confuse at most normal situation.

13

Sharp horizontal curves on straight roads (isolated) — reaction too late because of alack of
available preview sight distance.

Intersections where drivers cannot see the intersection. A countermeasure to the problem
is providing rumble strips on the minor roadway and flashing lights on the major roadway.

14

Intersections in general with horizontal curvature or vertical curvature
Shoulder width

15

Intersections are common location. Drivers must interact.

16

Does not know of any. Excessive decisions where violate driver expectancies — especially
with farm equipment.

17

Example: road built 25 years ago with 1500 ADT along railroad tracks. At the end of a
long tangent a 35-40 mph [56-64.4 km/h] design curveislocated. Wrecks at the curve
appear to happen because of driverswho are not aert.

B-3
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TABLE B-3 Responsesto question 3

3. Do you believe that certain types of combinations of features (e.g., inter sectionslocated near crests of
hills) are morelikely to be a problem because driversare surprised or overwhelmed by thedriving
task? If yes, what combinations? Isthisonly under certain circumstances? Please describethe feature
combinations and any special circumstances.

Interview # Response
1 Conflict points hidden by limited stopping sight distance.

2 Just don’t pay attention. |solated sharp curves with profile change with minimal signing a

problem.
Even chevrons border.
Intersections with good ISD but |efts off main poor; gap view from incoming traffic.

3 Poor SD with improper signing
Intersection SD
Railroad (RR) grade crossings — can't stop RR and can’t see — 2 modes
Slippery pavement
(Sight distance?)

4 Combination of horizontal and vertical curvature
* design visualization may help

S Driveway entrances onto roadway below crest of hill (also intersections)

School bus stops below crest

6 Because of inadequate SD
» Skewed intersections with bad horizontal alignment
» Bad crest vertical curve at intersections

7 Intersections at vertical curve
Anything that surprises/overwhelms.

Unexpected intersections may distract even if car isn’t present.
Straight design leading to sharp curves —“traffic calming.” Put in some curvature to
indicate change. No change in geometries when going rural to urban.

8 Crest vertical curve prior to intersections, especially where speed isinvolved. No solution
apparent.

9 Horizontal and Vertical Curves—drivers surprised. Not necessarily a problem unless
driveway or intersection involved. Access management.

Posted Speeds thru horizontal curves too high. Just ignore warning speed/advisory.

10 Driveway/intersection at hillcrest — should be moved away. Driver error. Lotsof hillsin
west side of District. Vertical curves have bearing on higher-speed roadways.

11 Speed limit/vehicle speed vs. sight distance (Speed limit set too high for location) at
intersections. Speed Limit usually too high with respect to intersections
Sight distance is problem in Tennessee. East side isworst because of terrain

12 On county roads but infrequently traveled. Can't think of any actual sites. Drivers may be
legitimately confused on high-volume roads as they try to keep up with traffic speeds.

13 Blind intersections past horizontal or vertical curves/driveways/sharp horizontal curve.
Can't see upcoming intersections or horizontal curve. Not many, but driveways and
intersections can be a problem.

14 Intersections at crests
On county roads with stop signs, people “blow through” and get hit. Frequently no
specific cause can be assigned.

Add or drop lanes on curve

15 Add or drop lane on curve —task of merging with maneuver on curve.

16 High. County road intersections near bridge — rail is sight obstruction on flat road, or lots
with sharp horizontal curve or vertical curve.

17

Intersections at crest of hill sometimes cannot be avoided. They may be OK if the sight
distance is good

At one end of vertical without good SD problem. Horizontal curve sequence with SD
lower on the vertical curve.




TABLE B-4 Responsesto question 4

4. Arethere situations where certain features (e.g., intersection channelization) might be morelikely to
surprisedriversor present a problem because of increased driving task difficulty?

Interview # Response

1 Can be —freeway forks— driver in wrong lane and last minute change. Attenuators ($)

used therein splits (Austin, Dallas)

Driver overload or indecision

Accidents may occur at the conflict points. The results may vary depending on whether a
majority of drivers are familiar with the location.

2 I ntersections on back side of hill crests (especially at night)

3 No response.

4 Only if applied inconsistently, something out of the blue

5 Edge stripe absence in wet conditions may be a problem if drivers drive too fast in poor
conditions. Our goal is striping that is visible 365 days of the year, although we may lose
reflectivity due to snow.

6 Introducing raised islands too close to thru lanes (say, at a T-intersection). Full shoulder
should be carried through intersections.

7 In rural conditions, transitions between rural and urban to 1% traffic signal. Many places
putting up strobe lights to draw attention.

8 Lack of feature. Long stretches of roads with no opportunity to pass. Helpful —temporary
pull-offs for passing at tops of hills.

9 Highly skewed intersections— can’t properly judge the speed of approaching vehicles (at
one such location we have had 112 wrecks in 10 years — skewed, horizontal and vertical
curves).

Too closely spaced intersections — too much crossing traffic. Not willing to work back off
system out to country roads.

10 4-lane to a 2-lane. Positioning around other vehicles and run out of lane.

1 Problem with construction. Surprise becatise of construction on so many roadways and it
changes daily.
If signage is proper, transitions from 2 to 4 lanesis okay.
Too many signs. Need attention getting devices on speed limit signsto draw attention. (Or
an inadeguate sign in construction)

12 No. Errors by driver — very simply to drive most intersections even with those histories.

13 Usualy 2 laneincrease to 4 lane intersection, but some other use at 2 = 2 lane. Feelsthe
latter is over-designed and unfamiliar drivers hesitate and uncertain. Especially multiple
islands/skewed intersections or narrow bridges. Too many islands separating traffic —
unnecessary decisions. Especially rural.

13 Lack of access control.

15 Too many access pointsin too close. Farmsteadswith multiple points. Wrong choices
with U-turns.

16 Medians with left turn lane — raised. Sometimes use pointed areas for deceleration and
surprised by curb.
Enter town — pedestrians, parking, visual demand quickly increases. Access points

17

Intersection fly-bys that appear after drivers crest hills could be a problem.

B-5
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TABLE B-5 Responsesto question 5

5. The previous questions have focused on two-lanerural highways. Do you have any suggestions
regarding other featuresthat might be a problem on higher classrural roadways (e.g., four- or six-lane
divided or undivided roadways)?

Interview #

Response

1

Gore split, but usually urban. Exception: 1-35 split at Hillsboro. Northbound on
downgrade with good SD — not too much problem. Southbound on 1-35W merging into |-
35E — Previously no auxiliary lane couldn’t tell merge. Similar southbound on 81 where it
mergesinto I-35. No auxiliary lane. Freeway in horizontal curvetilted away.

Short accel eration/decel eration lanes. Older roadways especially if used to longer ones are
aproblem.

Compound curves on ramps. Too sharp a change from curve 1 to 2.

Lane drops a problem.

Construction is most prominent (as) flaggers with no advance warning.
Ramps

» Design speeds different from operating speeds (too much difference)

Sharp curves on urban freeways (bridge — 55 mph [89 km/h] and ramp signed exit only.
Signs that appear to be for exit ramps but actually represent conditions on the main lanes).

Consistency related to lane drops/added lanes. Merging vehicles on on-ramps may have a
lane or have to make an actual merge into an existing lane.

5-laning around some cities may lead to transition issues. Lane transitions may surprise
when going from 4 lanes to 2 and/or back to 4, especialy if on 4-lane for along time.
4-lane expressways trying to limit the number of at-grade crossing to focus on expressway
operating characteristics.

Different type sections — use care. Make sure selective where using undivided sections —
particularly on roadways in the National Highway System.

Lots of divided roadways— shelter in the median for passenger car. SU trucks have more
problems without adequate shelter.

Open country — stop lights at major intersections. Warnings — rumble strips and more
active warnings (ITSin future) to actively warn driver.

In Panhandle —median opening spacing (insufficient storage between lanes). People create
informal crossings.

10

Intersections are problem. Mississippi 4-lane Biloxi to Jackson. Intersections w/ high
speed traffic. Need controlled accessto afew locations.

11

Depends on how DOT classes — no-access/access. |f control access and ensure drives are
properly located and designed it’s okay (sight distance)

12

People trying to keep up and miss exits. Bifurcations and exit signing could be enhanced
and moved back.

13

Most multilanes have medians. Earlier comments apply, but more options available to
driver —wider shoulders, extra lane, median so impacts reduced. Hidden features are still
concern but not as serious.

14

Lots of access points
Continuous two-way left turn lane vs. turn bays — some speeds are high

15

Rural — close proximity of interchange — weaving probable even through access easier.
High demand as enter and approach another.

16

Super — 2 roadways (i.e., 2-lane roadways with passing lane sections)
4-lane roadways and priority 3 — people are not looking for entering vehicles on roads that
aren’'t access controlled.

17

Some designers have problems designing 4 lane roadways without access control. May lay
grades with too steep crossover. This can sometimes restrict sight distance (or the
guardrail/parapet may do so).




TABLE B-6 Responsesto question 6

6. Finally, please provide any additional commentsregarding your experienceswith improper or poor
roadway design in thisgeneral topic area. Your input will help establish the direction of thisresearch.

Interview #

Response

1

Speed consistency — not convinced on high-speed rural roads or of its applicability in urban
low-speed settings.

Intersections —most promising. Conflict points have problems if sight distanceis
restricted

Driver overload — only unfamiliar drivers. Accidentswith unfamiliar drivers mostly. If
familiar, then overload questionable unless rare event (especially on low ADT
intersections).

Conflict points— accident datais“squirrelly” at best. Inconsistent reports can lead to
decisions with an inadeguate basis.

In my state these problems aren’t a design problem — they are historic holdover from older
times. Vehicles have progressed but highways have not and cannot change as quickly.

Accident maps can be helpful in diagnosing problems.

Roadways have open travel for miles and then the first stop sign represents a potential
problem. Guidance regarding advance signing for that would be helpful.

Corner/curb returns — 15 ft [4.5m)] radius to make turn; must slow down to make the turn.
Design consistency — very important.
1% signal into town — alarge yellow flashing warning light is used in my state to show
when traffic is approaching
More comments on questions:
e Sharp curves are not bad unless in combination with other
features
« Skew angle can be treated as a combination with the presence of the intersection
» Multiple combinations are worst

Left turn offset is frequently poorly designed. With acar facing you, your vision is
obscured; the use of an offset allows aclear view. Typically only afew feet isrequired.

Prompt — speed changes can be predicted through the application of Mason’s work.
Corridors

Bridges that are narrow give a sense of being “squeezed in” when the shoulder is
eliminated at the bridge end.

Need guidance on when to fix vertical curve up to current standards. Even 3R guidelines
necessitate reconstructing al curves. Hard to get consultants to follow rules of thumb.

If roadways do not meet 3R standards, designers are required to design to full 4R
standards, but in some instances this leads to overlapping curves. This requires
realignment.

Fixing horizontal curvature problemsis usually easier than vertical curvature problems
because they do not usualy overlap.

No issues.

Not much focus on funding in low volume roadways. Excuses —low funding even though
signs are usualy low cost. Maintaining signsis cited as a problem. Some people very
committed, some people arelax. Dangers of signage not being in place. Little consistency
in use of signs.

Design criteriathat do not require vertical and horizontal curvature (i.e., intersection of
tangents at a point) should be used where appropriate instead of providing minimum-length
Ccurves.

10

Horizontal curves — adequate superelevation isimportant.
Redundant signing — more than one warning sign should be used in case one is missed.

Intersections — skew less than 90° should be avoided if possible because of reduced neck
flexibility in older driver.

11

With regard to question numbers 2 and 3 — speed and sight distance are major problems
(superelevation rarely is a problem).

Intersection sight distance!

12

My DOT does a very good job of looking at crash history and re-designing intersections if
needed.

Greater attention to stop and yield signs to get the attention of drivers.

13

Combinations of design features with reduced vision increases driver confusion and risk.
Reducing the number of hidden combination features should provide benefits along with
elimination or red fixed objective in the clear zone along roadway.

14

Some additional money could have provided a better project for long-term.

15

Improper or poor design — poor alignment, drainage, ROW, political pressure. Leadsto
design exceptions but designers cannot always control.

16

No response.

17

Intersections at the crest of a hill sometimes cannot be avoided. They can be acceptable if
sight distanceis good

Horizontal curves with sight distance lower because of avertical curve can be a problem.
Inconsistency of speeds; sometimes cannot fix (e.g., intersections at crest of hill)




TABLE B-7 Responseratingsfor general elements

Driveways Topography Tangent Length Cross-slope
Interview # (access (mountainouslrolling/plains) (length of (slope across
points) straight section) | theroadway)
1 7 6 2 2
2 6 6 2 3
3 0 0 0 0
4 6 7 0 0
5 10 0 0 0
6 9 8 6 5
7 10 0 0 0
8 6 8 3 4
9 7 7 0 0
10 5 8 0 0
11 5 5 1 1
12 0 0 0 0
13 6 5 0 0
14 5 6 4 6
15 9 5 4 6
16 6 0 0 0
17 8 10 2 1
Average 6.1 4.8 14 1.6
TABLE B-8 Responseratingsfor sitedistance
Interview # | nadequate vs adeguate Along a roadway At an inter section
1 7 5 7
2 6 8 9
3 0 0 0
4 10 0 0
5 10 0 8
6 7 5 10
7 0 8 0
8 0 0 8
9 0 0 5
10 5 0 6
11 10 2 5
12 0 0 0
13 8 6 9
14 9 6 9
15 8 4 7
16 10 8 10
17 8 7 8
Average 5.8 35 59
TABLE B-9 Responseratingsfor intersections
Speed
. Presence :E;Ne N - Change Spacing TI:L?:; 'II'_ue::w
Interview # | . . Channelization | Lighting | Lanes between
in general | (crossing dec/ intersection Lane | lane
angle) (I acc ) n Offset | Length
anes)
1 6 5 2 1 3 2 2 3
2 5 7 5 5 5 5 8 3
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 6 9 0
5 0 0 9 10 9 0 0 0
6 8 9 6 6 6 8 6 6
7 8 5 0 0 0 0 0 0
8 9 4 3 4 4 3 3 5
9 0 10 0 5 3 7 0 3
10 5 6 0 5 0 0 0 0
11 7 1 2 2 5 5 2 8
12 0 0 0 0 0 0 0 0
13 5 3 0 0 0 7 3 4
14 5 7 5 5 5 8 4 5
15 10 9 8 4 6 7 5 3
16 5 6 4 3 3 5 5 5
17 2 5 2 0 3 3 5 3
Average 44 45 24 2.9 2.7 3.9 31 2.8




TABLE B-10 Responseratingsfor median

_ Presencein _ Transitio_n from Trans_ition from
Interview # Type Width no median to median to no
General . ;
median median
1 2 1 3 1 1
2 2 2 2 3 3
3 0 0 0 0 0
4 0 0 0 0 0
5 0 0 0 0 0
6 7 6 8 6 9
7 0 0 0 0 0
8 6 7 4 4 3
9 0 0 0 0 0
10 0 0 0 3 6
11 2 5 2 2 2
12 0 0 0 0 0
13 0 0 0 3 2
14 4 4 4 5 5
15 4 4 4 4 4
16 5 5 5 5 5
17 0 0 0 0 0
Average 19 2.0 1.9 21 24
TABLE B-11 Responseratingsfor vertical curve
Interview # ggﬁi%‘g) Sag Crest Sharpness Length
1 7 3 7 6 6
2 2 2 2 7 2
3 0 0 0 0 0
4 0 0 3 5 2
5 0 0 0 0 0
6 5 6 8 6 9
7 0 0 0 8 0
8 0 2 8 7 3
9 0 5 7 0 0
10 5 0 7 0 0
11 0 0 0 0 0
12 0 0 0 0 0
13 3 4 5 7 0
14 4 4 6 7 4
15 7 4 8 6 5
16 5 2 5 8 2
17 3 1 6 7 7
Average 24 1.9 4.2 44 24
TABLE B-12 Responseratingsfor horizontal curve
. . . Vision
. Presencein . Deflection Super elevation
Interview # General 11 Radius Angle (bend) Length (HC) (pbanking) tI’(I:L(?l\J/%h
1 6 6 5 3 5 6
2 2 6 2 2 5 6
3 0 0 0 0 0 0
4 5 6 6 0 0 7
5 0 0 0 0 10 0
6 5 10 5 5 10 5
7 0 4 0 7 0 7
8 7 6 5 3 6 8
9 5 0 0 0 5 5
10 5 3 0 0 3 3
11 5 7 4 2 5 8
12 0 0 0 0 0 0
13 5 8 7 5 4 9
14 6 8 8 6 8 8
15 9 8 5 6 10 7
16 5 6 6 5 5 7
17 5 7 7 7 5 7
Average 4.1 5.0 35 3.0 4.8 55
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TABLE B-13 Responseratingsfor passing lanes

) " Presence at
Interview # Presence Transitions Length (PL) inter section
1 3 2 5 6
2 4 4 4 8
3 0 0 0 0
4 0 0 5 9
5 10 0 0 0
6 6 4 5 4
7 7 0 0 6
8 7 4 8 8
9 7 0 8 0
10 0 3 5 0
11 5 5 2 8
12 0 0 0 0
13 0 3 2 0
14 5 7 7 10
15 6 7 5 8
16 6 6 6 7
17 5 4 4 10
Average 4.2 2.9 39 4.9

TABLE B-14 Responseratingsfor shoulder
Interview # Presence (SH) Type (paved/gravel/gr ass) Width (SH)
1 6 5 5
2 6 2 6
3 0 0 0
4 0 0 0
5 0 0 0
6 9 6 7
7 0 0 0
8 8 8 5
9 0 5 0
10 0 5 0
11 5 5 5
12 0 0 0
13 6 2 5
14 10 5 10
15 4 5 6
16 5 6 8
17 8 0 0
Average 3.9 3.2 34
TABLE B-15 Responseratingsfor obstructionsalong theroad
: : Continuous inter mittent
Interview # Presence in Vlsual' Impact Problem | (berms, barriers,| (trees, rocks,
general (SH) obstruction et) shrubs, etc)
1 3 6 2 2 2
2 3 7 3 3 3
3 0 0 0 0 0
4 3 0 0 0 0
5 0 10 0 0 0
6 5 5 9 6 8
7 0 0 0 0 0
8 7 8 7 5 8
9 7 6 0 0 0
10 4 7 0 0 3
11 5 5 5 2 2
12 0 0 0 0 0
13 8 8 8 4 8
14 7 7 9 6 7
15 8 9 7 6 5
16 6 8 7 5 6
17 5 8 0 1 3
Average 4.2 55 34 24 32




TABLE B-16 Responseratingsfor drainage structures

Interview # Ditch or channel along the| Ditch or channel crossing Ditch Shape
roadway the roadway
1 1 1 1
2 3 2 1
3 0 0 0
4 7 4 5
5 0 0 0
6 3 2 2
7 10 9 0
8 4 3 3
9 0 4 5
10 0 0 0
11 2 5 2
12 0 0 0
13 2 4 2
14 4 4 6
15 2 3 1
16 3 3 3
17 0 1 2
Average 2.4 2.6 1.9

TABLE B-17 Responseratingsfor combined features

Horizontal and

Horizontal curve

Vertical Curveand

Vertical Curveand

Interview # vertical curves and an intersection an intersection horlzqntal curve and
an inter section
1 7 7 8 8
2 10 8 10 10
3 0 0 0 0
4 7 7 7 9
5 0 0 0 0
6 9 9 9 10
7 0 0 10 10
8 7 9 8 9
9 8 8 8 8
10 4 4 8 8
11 2 2 2 2
12 0 0 0 0
13 7 8 8 9
14 7 8 7 9
15 9 7 8 10
16 5 8 7 9
17 10 10 10 10
Average 54 5.6 6.5 7.1
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TABLE B-18 Responseratingsfor traffic control devices

Lar_le Passing/ I'_ane Advisory S
| nterview Marl_(lngs no Lan_e | nter section _Assgnment Speed Regulal_or_y Gmd_es_gns
4 b(peunt, passing Mar_k!ng delineation signs (allowed Limit Spegdhmn (destmguon/
uttons, ki transitions use) at Sians Signs route signs)
etc) markings inter sections g
1 2 1 1 3 1 0 2 3
2 2 3 6 8 6 2 2 2
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
5 10 10 0 0 0 0 0 0
6 8 8 5 5 3 4 5 2
7 0 0 0 0 0 0 0 0
8 6 8 5 7 4 4 6 4
9 0 5 0 6 5 0 0 5
10 8 9 0 7 3 5 5 4
11 10 6 10 5 5 1 10 8
12 0 5 0 0 0 0 5 0
13 3 4 3 4 4 3 0 4
14 8 10 10 8 7 6 8 7
15 8 7 10 6 9 4 5 3
16 6 7 3 5 5 4 6 5
17 1 1 1 1 1 1 1 1
Average 4.2 4.9 32 3.8 3.1 2.0 3.2 2.8




APPENDIX C
SURVEY ON DEFINITIONS

DESIGN CONSISTENCY
Design Consistency Background Information

Design consistency has been the subject of several research
studies. These studies have used various measures in attempts
to examine the consequences of inconsistencies on safety and
operations. A wide variety of roadway features and character-
istics have been examined, including the following:

» Horizontal curve radius and deflection angle;

» Vertical curve sharpness,

* Individual features, such asleft-hand exits;

* Closely spaced or overlapping features,

+ Divergences between the roadway alignment and paral-
lel features(i.e., afencelinethat divergesfromtheroad-
way at a horizontal curve); and

+ Lane drop patterns and so forth.

Measures used in the study of design consistency include the
following:

» Consistency of speed. Asdrivers proceed along aroad-
way, it is desirable that their speeds remain relatively
constant as they traverse the roadway.

» Driver workload. Similar to speed, it is desirable that
driver workload remain relatively constant as drivers
proceed along aroadway.

C-1

» Safety. Safety measures have often been examined to
determine the validity of consistency models.

Current definitionsrelated to design consistency areunclear,
difficult to apply, and include language that can be difficult
to explain and defend. The survey sought to identify a pre-
ferred definition of “design consistency.” Table C-1 liststhe
definitions provided to survey participants and the number of
participantswho selected each definition. Tables C-2 through
C-7 contain comments or concerns expressed by the respon-
dents and alternative definitions provided.

The survey was conducted through a mailing to each of
the state DOTs and the research panel. Some of the DOTs
chose to provide multiple responses. The characteristics of
the respondents are provided in Table C-8.

SURVEY DEFINITIONS AND RESULTS

Tables C-2 through C-7 display the comments given by
survey participants.

RESPONDENT CHARACTERISTICS

Table C-8 provides respondent characteristics.
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TABLE C-1 Definitions contained in survey and number of responses

highway elements and the more careful use of design elements to meet
driver expectancies.

Design Consistency is... Number of
Responses
1. The conformance of a highway’'s geometric and operational features with 19
driver expectancy.
2. Theavoidance of abrupt changes in geometric features for continuous 4

3. The agreement of the geometric and operational aspects of the roadway 5
with driver expectancy.

4. The similarity in appearance and function of roadway features to previous 3
features encountered by the driver.

5. Thelack of abrupt changes in geometric features that might affect driver 2
behavior for contiguous highway elements and design elementsin
combination.

6. Theuniformity of operating speed observed in the speed profile of 2
individual motorists traversing a section of roadway.

7. Thelimiting of the driver’s workload imposed by geometric features or 1
combinations of adjacent geometric features.

8. Alternate definition 17

TABLE C-2 Concerns/commentsreceived on definition 1

DESIGN CONSISTENCY isthe conformance of a highway’s geometric
and operational featureswith driver expectancy

Interview #

Comments/Concerns

16

The selected definition is brief yet concise. | would and do find it very helpful.

23

The Utah Department of Transportation uses approved design standards to maintain a
consistency in design.

26

Are safety features considered part of the geometric or operational features?

44

A simple definition is probably the best with additional text and graphics to support the
concept.

51

Design consistency is the conformance of a highway’s geometric and operational features with
driver expectancy in a given environment

52

| prefer the first definition for its simplicity. The sixth definition has appeal in the sense that
there's some promise of a means of measuring design consistency under that definition. | have
no strong preference among these.

TABLE C-3 Concernscommentsreceived on definition 3

DESIGN CONSISTENCY isthe agreement of the geometric
and oper ational aspects of the roadway with driver expectancy.

Interview #

Comments/Concerns

29*

Providing consistency in design is a desirable quality. However, from a practical standpoint it
is not always feasible to accomplish this quality on a continuous basis by geometric alone.
Where significant geometric changes occur, designer must use other tools such as signing,
geometric transitions, and visual reinforcement to enhance driver expectancy.

30*

Providing consistency in design is a desirable quality. However, from a practical standpoint it
is not always feasible to accomplish this quality on a continuous basis by geometric alone.
Where significant geometric changes occur, designer must use other tools such as signing,
geometric transitions, and visual reinforcement to enhance driver expectancy.

* Respondents collaborated to provide a consensus comment.

TABLE C-4 Concerns/commentsreceived on definition 4

DESIGN CONSISTENCY isthe similarity in appearance and function of roadway featuresto previous

features encountered by thedriver.

Interview #

Comments/Concerns

8

| am concerned less about the definition than | am about how it is measured, modified, and
used in decision making.




TABLE C-5 Concerns/commentsreceived on definition 5

DESIGN CONSISTENCY isthelack of abrupt changesin geometric features
that might affect driver behavior for contiguous highway elementsand
design elementsin combination.

Interview # Comments/Concerns
9 (Marked Definition 4 as second choice.) There can be a“narrow” geometric definition and a
“broader” definition which includes operations (e.g., signals) and abutting land use factors.
14

To me, this defines it more clearly what our intent is as adesigner. We are designing to how a
driver will behave as well as what a driver’s expectancy is. | wouldn't mind just adding
“where driver expectancy is met.” Or something like that. | was a close second on “the
conformance of a highway’s geometric and operational features with driver expectancy,” but |
like the more thoroughness of the one | prefer.

TABLE C-6 Concernscommentsreceived on definition 6

DESIGN CONSISTENCY isthe uniformity of operating speed observed in the speed profile of individual

motoriststraversing a section of roadway.

Interview # Comments/Concerns
42 Operating speed is areflection of driver expectations. [Thisis al measurable attribute of
consistency. A combination of alternativesiswhat | purpose, one that has geometrics and how
observable both included. The similarity in appearance of geometric features over a section of
roadway such that uniform operating speeds are observed.
48

| suggest this definition because it provides a measure /it is not qualitative only.

C-3
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TABLE C-7

Alternative definitions

Interview #

Su%ested Definition/Comments

3

Design consistency is the avoidance of abrupt changes in the operational aspects of the
roadway through the judicious use of design elements to meet driver expectations.

Since operational consistency iswhat we're really looking for and because the operation is
directly related to the geometrics, | feel that any of the definitions that include both
“operation” and “geometric” are redundant.

Possibly a definition that combines Definition 3 (the agreement of the geometric and
operational aspects of the roadway with driver expectancy) and Definition 4 (the similarity in
appearance and function of roadway features to previous features encountered by the driver)
checked above.

10

Design consistency is the consistent application of proven design practices that produces
consistent driver behavior on similar roadways.

17

Design consistency is the similarity of a highway's geometric and operational features
meeting adriver’s expectancy within a given section of highway.

20

Combine the first/fourth: Design consistency is the similarity in appearance and function of a
highway’ s geometric and operational features to previous features encountered by the driver.

“Conform” could be risky — too many drivers with too many expectancies

“Uniform” may be difficult —too many variablesin design location that may not allow for
designs to be exactly the same — limits context design.

21

Design consistency is the conformance of geometric and operational features of a highway to
the roadway system, roadside area, and driver expectation.

Any definition that is ultimately agreed on must take into account the expectation of the
driver and those conditions through which he travel s. The compatibility of the design to that
role expected of the roadway is critical.

28

Design consistency is the application of standard geometric and operational featuresto a
roadway ensuring driver expectancies are met.

33

Design consistency is the conformance of a highway’s geometric and operational features
with driver expectancy without abrupt changes for continuous highway elements.

The above definition combines the first two definitions and captures the definition as | see it.

35, 36, 37

Design consistency is the avoidance of abrupt changes in geometric and operational features
for continuous highway design elements and the careful selection of design elements that
meet driver expectancies.

38

(Combination of 2 & 5) Design consistency is the avoidance of abrupt changes in geometric
features that may adversely affect driver behavior.

Keep the definition simple and then follow with additional discussion of how driver
expectations change with speed, terrain, functional class, etc.

The word “adversely” affect driver behavior isneeded, i.e., Reconstruction of a segment of
old to new but could adversely affect drivers going from new to old.

39, 40, 41

Design consistency is an arrangement of highway features that minimize the potential for
adverse driver reactions due to surprise or misinterpretation.

NY SDOT does not have a definition for ‘ design consistency’

Concern: Drivers may be too unique (i.e. they run the gamut of abilities and personalities) to
get a useful or uniform definition

45

Design consistency is the similarity of a highway’s geometric and operational features
meeting a driver’s expectancy within a given section of highway.

47

Design consistency is afacility designed with all elementsin balance, consistent with an
appropriate design speed (Note [From Interviewee]: If designers use existing design guidelines
for each type of facility, design consistency will result. The above are awfully fluffy and fuzzy
sounding “definitions’. |s this engineering or sociology?




TABLE C-8 Respondent characteristics

Yearsin Yearsin
Response State Group Design Operations | Various
1 VA State 37
2 VT State 23
3 ID State 10 11
4 X State 17
5 VA State 18
6 LA State 27
7 WY State 25 5
8 WA State 20
9 AR Panel 5 2
10 LA State
11 MS State 30 2
12 VA Panel 5 30
13 VA Panel
14 SD State 16 4
15 SC State
16 MO State 16 2
17 WV State 15
18 NH State 25
19 AR State 31
20 NV State 10 1
21 KY State 32 0
22 IL State 13
23 uT State 15 10
24 NC State 30 0
25 ND State 30
26 1A State 9.5
27 WV State 40
28 FL State 27
29 KS State 31 20
30 KS State 30
31 Wi State 15
32 MN Panel 40
33 AL State 17
34 X Panel 17
35 NJ State 33
36 NJ State 33
37 NJ State 33
38 AZ State 30
39 NY State 30 1
40 NY State
41 NY State
42 MN State 25
43 GA Panel 17
44 MA State 26
45 WV State 15
46 Ml State 13 13
47 X State
48 PA Researcher
49 Wi State
50 TN State 17
51 FL State 15




APPENDIX D
CASE STUDIES

Three case studies were completed to review the design
consistency rules. The sites were selected to meet the follow-
ing criteria

* Roalling terrain,

* Moderate traffic volumes,

* Rural conditions,

* High-speed traffic, and

Collectively, cover arange of initial time of construction.

State DOT personnel in two states (Oklahoma and Texas)
were contacted to obtain information regarding candidate sites.
Researchers examined the roadways by doing the following:

» Reviewing construction plans,

* Videotaping the roadway segment,
 Locating driveways, and

» Measuring speeds of free-flow vehicles.

Speed measurements were obtained using a lasergun; 100
free-flow vehicles were measured at each site. The speeds
were measured on sections with moderate (<2%) grades and
tangent horizontal alignments. Test sections 5-7 km [3-4.5
mi] in length were selected for evaluation, providing various
features and roadway characteristics.

CASE STUDY A

Case study A was completed on aroadway originally con-
structed as a county roadway and upgraded with a paved sur-
faceinthe 1940s. The basic alignment of the roadway was not
substantially modified. The design speed used to establish the
vertical and horizontal alignment was not recorded in the
available plans. The traffic volume on the roadway is esti-
mated at 3,000 vehicles per day (vpd). The case study focused
on a 5.5 km [3.4 mi] section of the roadway extending from
a small unincorporated community of approximately 150 to
abridge over acreek.

Theroadway consists of a5.5 m[18 ft] paved surface with
1 m [3 ft] tapered base shoulders and an additional variable
turf shoulder that is not readily apparent in the field. Figure
D-1 provides aview typical of the roadway.

Speeds on the roadway were relatively high (see Figure
D-2), with an 85th percentile speed of 114 km/h [71 mph].
The posted speed limit on the roadway is 113 km/h [70 mph]
day and 105 km/h [65 mph] night for passenger vehicles and
97 km/h [60 mph] day and 89 km/h [55 mph] night for trucks.
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A short section passing through a very small community on
the roadway was posted at 89 km/h [55 mph] for all vehicles.

Application of Design Consistency Rules
Cross Section

The rules related to cross section (i.e., reduction in lane
width, reduction in shoulder width, lanedrop with major drive-
way, and major driveway and lane addition) did not detect
any inconsistencies because the cross section remained con-
stant throughout the test section.

Horizontal Alignment

Theruletight horizontal curve with wide shoulders did not
detect any inconsi stencies because the shoul der width remained
constant throughout the test section.

Vertical Alignment

The rule steep downgrades was applied to four different
grades on the alignment. The steepest and longest grade was
4.6% and 213 m [ 700 ft] long; however, thisdid not meet the
minimum grade requirement of 5% and 900 m [2,950 ft].

Highway-Railroad Grade Crossing

Therule highway-railroad grade crossing was not applied
because no railroad grade crossings were present on the
roadway.

Driveways

The rules access points or frequency of driveways—speed
differential and access points or frequency of driveways—
accident potential were applied to thetest section. Thetest sec-
tion had 7 driveways’km, the section north of the test section
had 11 driveways/km, and the section south of the test section
had 7 driveways’km. The differences of 4 and 0, respectively,
did not trigger the Level 2 threshold of 8 driveway access
points per kilometer more than the previous segment.

The rule minimum separation between driveways was
applied to the test section. The plans used for the consistency
assessment were developed in the 1940s and have not been
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FigureD-1. Case Sudy A roadway.

updated. Observation revealed that the driveways were spaced
more closely in anumber of instances than the minimum spac-
ing of 84 m[275 ft] indicated for ahighway speed of 80 km/h
[262 mph] (the maximum shown in the rule table). Accord-
ingly, the warning messages were applicable:

The spacing between the driveways at Sations XXX + XXX
and YYY + YYY on the left side of the road may be too small.

The spacing between the driveways at Stations XXX + XXX
and YYY + YYY on theright side of theroad may betoo small.

If limited to commercial or major driveways, the warning
would not have been triggered.

Therule offset opposing driveways was applied to the test
section. Again, based on observation, the warning message
was applicable;

The separation distance between the offset opposing drive-
ways at Stations XXX + XXX and YYY + YYY may betoo short
to provide sufficient weaving distance and left-turning stor-
age length. The driveways should either be located opposite
one another or should be offset by at least 91 m [300 ft].

If limited to commercial or major driveways, the warning
would not have been triggered.

Climbing and Passing Lanes

Therule climbing lane needed but not provided was applied
to the test section. The grades present would not be suffi-
ciently long or steep to trigger awarning message.

The rule climbing lane not carried over crest was not
applied to the test section because climbing lanes were not
present.

Next, the ruleinsufficient passing opportunitieswas applied
to the test section. The equation related to net passing oppor-
tunities was utilized:

NPO = (100 — 100APL)(APZe0®1250:L0W) 1 100APL, (1)

o
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FigureD-2. Cumulative speeds, Case Sudy A.



where

NPO = percentage of net passing opportunities

APZ = proportion of segment length with marked pass-
ing zones (not including areas with passing or
climbing lanes in the study direction)

APL = proportion of segment length with passing or
climbing lanes in study direction

OFLOW = opposing flow rate (veh/h) during peak-flow in

the study direction

Opposing flow was obtained through the use of the pro-
vided ADT (3,000 vpd) and the following equation:

DDHV = (ADT)(K)(D), %)

where:

DDHV = daily design hourly volume (veh/h)
ADT = average daily traffic (veh/h)
K = averagedaily traffic occurring in the design hour
(percent)
D =directional distribution (percent)

For an actua design, valuesfor K and D would be estimated
using standard planning techniques and typically would be
provided to the designer. For this case study, they were esti-
mated at
K =15%

D =50%

Using these values and the ADT of 3,000 vpd, DDHV was
estimated at 225 veh/h (and thusthe OFLOW value). Substi-
tuting the characteristics of the study site:

APZys =41%

APZs =59%%
APL =0
OFLOW =225

Using these values in the consistency equations provides
avaluefor NPO of 27% for the NB direction and 39% for the
SB direction. Accordingly, the following Level 2 warning

message was appropriate:

Supply of passing opportunities between Sations XXX + XX
and YYY + YY may beinsufficient. An LOSinvestigation using
the HCM proceduresfor two-lane highwaysisrecommended.

The following rules were not applied because no passing
lanes were present: passing lane too short, passing lane too
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long, and passing lane addition channels slow vehicles into
left lane.

Frequency of Decisions on Roadway Segments

The test section was reviewed for the presence of the fol-
lowing features to test the rule frequency of decisions on
roadway segments:

* Intersection [present];

* Magjor driveway [not present];

* Railroad-highway grade crossing [not present];

» Beginning or end of ahorizontal curve with radius less
than 800 m [2,600 ft] [present];

» Vertical curve with available SSD less than that given
in the Green Book for adesign speed equal to 20 km/h
[10 mph] lessthan the roadway operating speed [present];

 School zone [not present];

» Narrow bridge (curb-to-curb width less than the road-
way approach including paved shoulder) [not present];

» Changein posted speed limit [present];

 Lane addition [not present];

» Lanedrop [not present];

+ Lane width reduction by 0.6 m [2 ft] or more [not pres-
ent]; and

 Shoulder width reduction by 1.2 m [4 ft] or more [not
present].

One location was examined to see if the cluster had four
features that met the criteria given in a segment of 450 m
[1,500 ft]. The location, on the outskirts of an unincorpo-
rated community, had avertical curve, speed limit change, and
two street intersections within 450 m [1,500 ft]. Accordingly,
thefollowing Level 2 warning message would be appropriate:

The roadway segment from Station XX + XXX to YY + YYY
contains more than four geometric design or traffic control
elementsthat requiredriver decisions. Consideration should
be given to spacing these decisions over a longer roadway
length, if practical.

Preview Sght Distance

The test section was reviewed for the presence of the fol-
lowing features:

» School zones,

* Passing/climbing lane drops,
* Narrow bridges,

* Lanewidth reductions,

« Shoulder width reductions,
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* Railroad-highway grade crossings, and
* Major driveways.

None of the features were present on the test section, so the
rule was not applied.

CASE STUDY B

This case study was completed on aroadway constructed
in the late 1930s. Although the roadway has been resurfaced
numerous times, the basic alignment has not been modified.
Thedesign speed used to design theroadway was not recorded
in the available plans. Because the roadway is scheduled for
reconstruction, thetraffic volume used in the case study isthe
20-year design projection, 5600. The directional distribution
of 60-40% and a K factor of 10.8% were provided with the
traffic projection. A 7 km [4.5 mi] section was selected for
evaluation using the design consistency rules.

Theroadway consists of a10.3 m[34 ft] paved surfacewith
3.6 m[12ft] lanesand 1.5 m[5 ft] shoulders. Figure D-3 pro-
vides atypical view of the roadway.

Speeds on the roadway were relatively high (see Figure
D-4), with an 85th percentile speed of 116 km/h [72 mph].
The posted speed on the roadway is 113 km/h [70 mph] day
and 105 km/h [65 mph] night for passenger vehicles and 97
km/h [60 mph] day and 89 km/h [55 mph] night for trucks.

FigureD-3. Case Sudy B roadway.

A short section passing through avery small unincorporated
community is posted at 97 km/h [60 mph] for al vehicles.

Application of Design Consistency Rules
Cross Section

The rules related to cross section (i.e., reduction in lane
width, reduction in shoulder width, lane drop with major
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Cumulative Frequency, percent
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40 45 50 55 60

65 70 75 80 85

Speed, mph

Figure D-4. Cumulative speeds, Case Sudy B.



driveway, and major driveway and lane addition) did not
detect any inconsi stencies because the cross section remained
constant throughout the test section.

Horizontal Alignment

The rule tight horizontal curve with wide shoulders did
not detect any inconsistencies because the shoulder width
remained constant throughout the test section.

Vertical Alignment

The rule steep downgrades was applied to four different
grades on the alignment. The steepest and longest grade was
3.3% and 600 ft [183 m] long; however, thisdid not meet the
minimum grade requirement of 5% and 2,951 ft [900 m].

Highway-Railroad Grade Crossing

Therule highway-railroad grade crossing was not applied
because no grade crossings were present on the roadway.

Driveways

The rules access points or frequency of driveways—speed
differential and access points or frequency of driveways—
accident potential were applied to thetest section. Thetest sec-
tion had 3 drivewayskm [ 1.9 driveways/mile], the section east
of thetest section had 3.7 driveways/km [2.3 driveways/mil€],
and the section south of the test section had 1.7 driveways’km
[1 driveway/mil€]. The differences of 0.7 and 1.3, respec-
tively, did not trigger the Level 2 Threshold of 8 driveway
access points per kilometer more than the previous segment.

The rule minimum separation between driveways was
applied to thetest section. The plansused for the consistency
assessment were developed in the 1930s and have not been
updated. Observation reveal ed that the drivewaysin the unin-
corporated town were spaced more closely in a number of
instances than the minimum spacing of 84 m [275 ft] indi-
cated for a highway speed of 80 km/h [50 mph] (the maxi-
mum shown in the rule table). Accordingly, the warning
messages were applicable:

The spacing between the driveways at Stations XXX + XXX
and YYY + YYY on theleft side of the road may be too small.

The spacing between the driveways at Stations XXX + XXX
and YYY + YYY on theright side of theroad may be too small.

If limited to commercial or major driveways, the warning
would not have been triggered.
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The rule offset opposing driveways was applied to the test
section. Again, based on observation, the Level 2 warning
message was applicable:

The separation distance between the offset opposing drive-
waysat Stations XXX + XXX and YYY + YYY may betoo short
to provide sufficient weaving distance and left-turning stor-
age length. The driveways should either be located opposite
one another or be offset by at least 91 m [300 ft].

If limited to commercial or major driveways, the warning
would not have been triggered.

Climbing and Passing Lanes

Therule climbing lane needed but not provided was applied
to the test section. The grades present would not be suffi-
ciently long or steep to trigger a warning message.

The rule climbing lane not carried over crest was not
applied to the test section because climbing lanes were not
present.

The rule insufficient passing opportunities was applied to
thetest section. Using Equations 1 and 2, net passing opportu-
nities were assessed. These values were used in the equations:

APZ, =042
APZys =0.54
APL =0
ADT =5,600
K =10.8%
D =60%

Using Equation 1:
NPOg = 0.21
NPOwg = 0.27

Accordingly, the following Level 2 warning message was
appropriate:

Supply of passing opportunities between Sations XXX + XX
and YYY + YY may be insufficient. An LOSinvestigation using
the HCM procedures for two-lane highways is recommended.

The following rules were not applied because no passing
lanes were present: passing lane too short, passing lane too
long, and passing lane addition channels slow vehicles into
left lane.
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Frequency of Decisions on Roadway Segments

The test section was reviewed for the presence of the fol-
lowing featuresto test the rule frequency of decisions on road-
way segments:

* Intersection [present];

* Magjor driveway [not present];

* Railroad-highway grade crossing [not present];

» Beginning or end of a horizontal curve with radius less
than 800 m [2,600 ft] [not present];

» Vertical curvewith available SSD less than that givenin
the Green Book for a design speed equal to 20 km/h
[10 mph] lessthan the roadway operating speed [present];

 School zone [not present];

* Narrow bridge (curb-to-curb width less than the road-
way approach including paved shoulder) [not present];

» Changein posted speed limit [present];

+ Lane addition [not present];

» Lanedrop [not present];

 Lane width reduction by 0.6 m [2 ft] or more [not pres-
ent]; and

 Shoulder width reduction by 1.2 m [4 ft] or more [not
present].

Although several of theindividual critical featureswere pres-
ent, their locations were sufficiently separated that no warn-
ings were generated.

Preview Sght Distance

The test section was reviewed for the presence of the fol-
lowing features:

 School zones,

* Passing/climbing lane drops,

* Narrow bridges,

+ Lane width reductions,

+ Shoulder width reductions,

* Railroad-highway grade crossings, and
* Major driveways.

None of the features were present on the test section, so the
rule was not applied.

CASE STUDY C

This case study was recently reconstructed, thus providing
an example of a recently completed project. The alignment
was upgraded to current DOT standardsin the late 1990s. The
traffic volume for the roadway is 2,800 vpd in the design year
and represents a 20-year traffic projection. A section6km[3.7
mi] in length was selected for evaluation using the design
consistency rules.

The roadway has 3.6 m [11.8 ft] lanes and 2.4 m [7.9 ft]
shoulders. Figure D-5 provides atypical view of the roadway.

Speeds on the roadway were similar to the other case stud-
ies, with an 85th percentile speed of 111 km/h [69 mph] (see
Figure D-6). The posted speed limit on the roadway is 105
km/h [65 mph]. A speed limit of 89 km/h [55 mph] is posted
at the end of thetest section near thecity limit of asmall town.

Application of Design Consistency Rules
Cross Section

The rules related to cross section (i.e., reduction in lane
width, reduction in shoulder width, lane drop with major
driveway, and major driveway and lane addition) did not
detect any inconsi stencies because the cross section remained
constant throughout the test section with the exception of a
short widening for a deceleration lane. The deceleration lane
occupied the shoulder with only a nomina widening (2.4 m
[7.9ft] shoulder widened to 3.6 m[11.8 ft] deceleration lane).

Horizontal Alignment

The rule tight horizontal curve with wide shoulders did
not detect any inconsistencies because the shoulder width
remained constant throughout the test section with the sole
exception described under Cross Section.

Vertical Alignment

The rule steep downgrades did not generate any warnings
because the steepest grade present on the roadway, 4.6%, did
not meet the minimum grade requirement of 5%.

FigureD-5. Typical view of roadway, Case Sudy C.
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Highway-Railroad Grade Crossing

Therule highway-railroad grade crossing was not applied
because no railroad grade crossings were present on the
roadway.

Driveways

The rules access points or frequency of driveways—speed
differential and access points or frequency of driveways—
accident potential were applied to the test section. The test
section had 4.0 driveways’km [2.5 driveways/mi] and the
section north of the test section had 3.4 driveways’km [2.1
driveways/miles], a difference of 0.6 km [0.4 miles]. The
section south of the test section was an incorporated town so
no comparison was devel oped. The difference of 0.6 did not
trigger the Level 2 threshold of 8 driveway access points per
kilometer more than the previous segment.

The rule minimum separation between driveways was
applied to thetest section. Drivewaysin oneareaviolated the
minimum spacing of 84 m [275 ft]. Accordingly, the warn-
ing message was applicable:

The spacing between the driveways at Stations XXX + XXX
and YYY + YYY on theleft side of the road may be too small.

The drivewaysin question were commercial in nature and
could reasonably be expected to generate moderate traffic.

The rule offset opposing driveways was applied to the test
section. Two areas violated the criteria, justifying the fol-
lowing warning message:

The separation distance between the offset opposing drive-
waysat Stations XXX + XXX and YYY + YYY may betoo short
to provide sufficient weaving distance and left-turning stor-
age length. The driveways should either be located opposite
one another or should be offset by at least 91 m[300 ft].

If limited to commercial or major driveways, the warning
would not have been triggered.

Climbing and Passing Lanes

Therule climbing lane needed but not provided was applied
to the test section. The grades present would not be suffi-
ciently long or steep to trigger a warning message.

The rule climbing lane not carried over crest was not
applied to the test section because climbing lanes were not
present.

The rule insufficient passing opportunities was applied to
thetest section. Using Equations 1 and 2, net passing opportu-
nities were assessed. These values were used in the equations:
APZg; =058
APZz =0.45
APL =0
ADT =2,800
K=11%

D =55%

Using Equation 1:

NPOgg = 0.42

NPOywg = 0.33

Accordingly, the following Level 2 warning message was
appropriate:
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Supply of passing opportunities between Sations XXX + XX
and YYY + YY may be insufficient. An LOSinvestigation using
the HCM procedures for two-lane highwaysis recommended.

The following rules were not applied because no passing
lanes were present: passing lane too short, passing lane too
long, and passing lane addition channels slow vehicles into
left lane.

Frequency of Decisions on Roadway Segments

The test section was reviewed for the presence of the fol-
lowing featuresto test the rule frequency of decisions on road-
way segments:

Intersection [present];

Major driveway [not present];

Railroad-highway grade crossing [not present];
Beginning or end of a horizontal curve with radius less
than 800 m [2,600 ft] [present];

Vertical curve with available SSD less than that given
in the Green Book for a design speed equal to 20 km/h
[10 mph] less than the roadway operating speed [not
present];

School zone [not present];

Narrow bridge (curb-to-curb width less than the road-
way approach including paved shoulder) [not present];

» Changein posted speed limit [present];

» Lane addition [present];

* Lanedrop [present];

+ Lane width reduction by 0.6 m [2 ft] or more [not pres-
ent]; and

* Shoulder width reduction by 1.2 m [4 ft] or more [not
present].

Although several of theindividual critical featureswere pres-
ent, their locations were sufficiently separated in distance
that no warnings were generated.

Preview Sght Distance

The test section was reviewed for the presence of the fol-
lowing features:

+ School zones,

* Passing/climbing lane drops,

* Narrow bridges,

 Lanewidth reductions,

+ Shoulder width reductions,
 Railroad-highway grade crossings, and
* Major driveways.

None of the features were present on the test section, so the
rule was not applied.
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APPENDIX E
RECOMMENDED CHANGES TO THE AASHTO GREEN BOOK

The AASHTO Green Book provides guidanceto designers
and engineers regarding the design of highways and streets.
Recommendationsfor changesto Chapter 2, Design Controls
and Criteria, Driver Performance, pages46-57, are provided.
Text proposed for insertion isunderlined. No text is proposed
for deletion.
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DRIVER PERFORMANCE
Introduction

An appreciation of driver performance is essential to
proper highway design and operation. The suitability of a
design restsas much on how safely and efficiently driversare
ableto use the highway as on any other criterion. When driv-
ersuse a highway designed to be compatible with their capa-
bilities and limitations, their performance is aided. When a
design is incompatible with the capabilities of drivers, the
chance for driver errors increase, and crashes or inefficient
operation may result.

This section provides information about driver perfor-
mance useful to highway engineersin designing and operat-
ing highways. It describes drivers in terms of their perfor-
mance—how they interact with the highway and its
information system and why they make errors.

The material draws extensively from A User’s Guide to
Positive Guidance (4), which contains information on
driver attributes, driving tasks, and information handling by
the driver.

Where positive guidance is applied to design, competent
drivers, using well-designed highways with appropriate
information displays, can perform safely and efficiently.
Properly designed and operated highways, in turn, provide
positive guidance to drivers. In addition, Transportation
Research Record 1281 entitled Human Factors and Safety
Research Related to Highway Design and Operations (5),
provides background information.

Older Drivers

At the start of the 20th century, approximately 4 percent
of America's population was 65 years of age or older. This
group, which accounted for 15 percent of the driving popu-
lation in 1986, and is expected to increase to 22 percent by
the year 2030.

Older drivers and pedestrians are a significant and rapidly
growing segment of the highway user popul ation with avari-
ety of age-related diminished capabilities. As a group, they
have the potential to adversely affect the highway system’s
safety and efficiency. There is agreement that older road
usersrequire mobility and that they should be accommodated
by the design and operational characteristics of ahighway to
the extent practical.

Older drivershave special needsthat should be considered
in highway design and traffic control. For example, for every
decade after age 25, drivers need twice the brightness at night
toreceivevisual information. Hence, by age 75, somedrivers
may need 32 times the brightness they did at age 25.

Research findings show that enhancementsto the highway
system to improve its usability for older drivers and pedes-
trianscan alsoimprovethe systemfor al users. Thus, design-
ers and engineers should be aware of the capabilities and

needs of older road users and consider appropriate measures
to aid their performance. A Federal Highway Administration
report, entitled Older Driver Highway Design Handbook:
Recommendations and Guidelines (6), provides information
on how geometric design elements and traffic control devices
can be modified to better meet the needs and capabilities of
older road users.

The Driving Task

The driving task depends on drivers receiving and using
information correctly. Theinformation received by driversas
they travel is compared with the information they already
possess. Decisions are then made by drivers based on the
information available to them and appropriate control actions
are taken.

Driving encompasses anumber of discrete and interrelated
activities. When grouped by performance, the components of
the driving task fall into three levels: control, guidance, and
navigation. These activities are ordered on scales of com-
plexity of task and importancefor safety. Simple steering and
speed control are at one end of the scale (control). Road-fol-
lowing and safe path maintenance in response to road and
traffic conditions are at midlevel of the scale (guidance). At
the other end of the scale are trip planning and route follow-
ing (navigation).

Thedriving task may be complex and demanding, and sev-
era individual activities may need to be performed simulta-
neously, requiring smooth and efficient processing and inte-
gration of information. Driving often occurs at high speeds,
under time pressure, in unfamiliar locations, and under
adverse environmental conditions. The driving task may at
other times be so simple and undemanding that a driver
becomes inattentive. The key to safe, efficient driver perfor-
mance in this broad range of driving situations is error-free
information handling.

Driver errors result from many driver, vehicle, roadway,
and traffic factors. Some driver errors occur because drivers
may not always recognize what particul ar roadway traffic sit-
uations are require of them, because situations may lead to
task overload or inattentiveness, and because deficient or
inconsistent designs or information displays may cause con-
fusion. Driver errors may also result from pressures of time,
complexity of decisions, or profusion of information. Con-
trol and guidance errors by drivers may also contribute
directly to crashes. In addition, navigational errors resulting
in delay contribute to inefficient operations and may lead
indirectly to crashes.

The Guidance Task

Of the three major components of the driving task, high-
way design and traffic operations have the greatest effect on
guidance. An appreciation of the guidance component of the



driving task is needed by the highway designer to aid driver
performance.

Lane Placement and Road Following

Lane placement and road-following decisions, including
steering and speed control judgments, are basic to vehicle
guidance. Drivers use a feedback process to follow align-
ment and grade within the constraints of road and environ-
mental conditions. Obstacle-avoidance decisions are inte-
grated into lane placement and road-following activities.
This portion of the guidance task level is continualy per-
formed both when no other traffic is present (singularly) or
when it is shared with other activities (integrated).

Car Following

Car following is the process by which drivers guide their
vehicles when following another vehicle. Car-following
decisions are more complex than road-following decisions
because they involve speed-control modifications. In car fol-
lowing, drivers need to constantly modify their speed to
maintain safe gaps between vehicles. To proceed safely, they
have to assess the speed of the lead vehicle and the speed and
position of other vehicles in the traffic stream and continu-
ally detect, assess, and respond to changes.

Passing Maneuvers

The driver decision to initiate, continue, or complete a
passing maneuver is even more complex than the decisions
involved in lane placement or car following. Passing deci-
sions require modificationsin road- and car-following and in
speed control. In passing, drivers must judge the speed and
acceleration potential of their own vehicle, the speed of the
lead vehicle, the speed and rate of closure of the approached
vehicle, and the presence of an acceptable gap in the traffic
morning period.

Other Guidance Activities

Other guidance activitiesinclude merging, lane changing,
avoidance of pedestrians, and response to traffic control
devices. These activities also require complex decisions,
judgments, and predictions.

The Information System

Each element that provides information to drivers is part
of theinformation system of the highway. Formal sources of
information are the traffic control devices specifically
designed to display information to drivers. Informal sources
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include such elements as roadway and roadside design fea-
tures, pavement joints, tree lines, and traffic. Together, the
formal and informal sources provide the information drivers
need to drive safely and efficiently. Formal and informal
sources of information are interrelated and must reinforce
and augment each other to be most useful.

Traffic Control Devices

Traffic control devices provide guidance and navigation
information that often is not otherwise available or apparent.
Such devices include regulatory, warning, and guide signs,
and other route guidance information. Other traffic control
devices, such as markings and delineation, display additional
information that augments particular roadway or environ-
mental features. These devices help drivers perceive infor-
mation that might otherwise be overlooked or difficult to rec-
ognize. Information on the appropriate use of traffic control
devicesis presented in the Manual on Uniform Traffic Con-
trol Devices (7).

The Roadway and its Environment

Selection of speedsand pathsis dependent on driversbeing
able to see the road ahead. Drivers must see the road directly
infront of their vehiclesand far enough in advanceto perceive
with a high degree of accuracy the alignment, profile grade-
line, and related aspects of the roadway. The view of the road
also includes the environment immediately adjacent to the
roadway. Such appurtenances as shoulders and roadside
obstacles (including sign supports, bridge piers, abutments,
guardrail, and median barriers) affect driving behavior and,
therefore, should be clearly visible to the driver.

Information Handling

Drivers use many of their senses to gather information.
Most information is received visualy by drivers from their
view of the roadway alignment, markings, and signs. How-
ever, drivers also detect changes in vehicle handling through
instinct. They do so, for example, by feeling road surface tex-
ture through vibrations in the steering wheel and hearing
emergency vehicle sirens. Throughout the driving task, dri-
vers perform several functions almost simultaneously. They
look at information sources, make numerous decisions, and
perform necessary control actions.

Sources of information (some needed, others not) compete
for their attention. Needed information should be in the
driver's field of view, available when and where needed,
available in a usable form, and capable of capturing the
driver’s attention.

Because drivers can only attend to one visual information
source at atime, they integrate the variousinformation inputs
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and maintain an awareness of the changing environment
through an attention-sharing process. Drivers sample visual
information obtained in short-duration glances, shifting their
attention from one source to another. They make some deci-
sions immediately, and delay others, through reliance on
judgment, estimation, and prediction to fill in gapsin avail-
able information.

Reaction Time

Information takes time to process. Drivers’ reaction times
increase as afunction of decision complexity and the amount
of information to be processed. Furthermore, the longer the
reaction time, the greater the chance for error. Johannson and
Rumar (8) measured brake reaction time for expected and
unexpected events. Their results show that when an event is
expected, reaction time averages about 0.6 s, with afew driv-
erstaking as long as 2 s. With unexpected events, reaction
times increased by 35 percent. Thus, for a ssimple, unex-
pected decision and action, some drivers may take aslong as
2.7 sto respond. A complex decision with several alterna
tivesmay take several secondslonger than asimple decision.
Exhibit 2-26 showsthisrelationship for median-case drivers,
whereas Exhibit 2-27 shows this relationship for 85th-
percentile drivers. The figures quantify the amount of infor-
mation to be processed in bits. Long processing times
decrease the time available to attend to other tasks and
increase the chance for error.

Highway designs should take reaction timesinto account.
It should be recognized that driversvary in their responsesto
particular events and take longer to respond when decisions
are complex or events are unexpected. Clear sight lines and
adequate decision sight distance provide amargin for error.

Primacy

Primacy relates the relative importance to safety of com-
peting information. Control and guidance information is
important because the related errors may contribute directly to
crashes. Navigation information has alower primacy because
errors may lead to inefficient traffic flow, but arelesslikely to
lead to crashes. Accordingly, the design should focusthe driv-
ers attention on the safety-critical design elements and high-
priority information sources. This goa may be achieved by
providing clear sight lines and good visual quality.

Expectancy

Driver expectancies are formed by the experience and
training of drivers. Situations that generally occur in the
same way, and successful responses to these situations,
are incorporated into each driver’s store of knowledge.
Expectancy relatesto thelikelihood that adriver will respond
to common situations in predictable ways that the driver has

found successful in the past. Expectancy affects how drivers
perceive and handle information and modify the speed and
nature of their responses.

Reinforced expectancies help drivers respond rapidly and
correctly. Unusual, unique, or uncommon situationsthat vio-
late driver expectancies may cause longer response times,
inappropriate responses, or errors.

Most highway design featuresare sufficiently similar to cre-
ate driver expectancies related to common geometric, opera-
tional, and route characteristics. For example, because most
freeway interchanges have exits on the right side of the road,
drivers generally expect to exit from the right. This aids per-
formance by enabling rapid and correct responses when exits
ontheright areto be negotiated. There are, however, instances
where expectancies are violated. For example, if an exit ramp
is on the left, then the right-exit expectancy is incorrect, and
response times may be lengthened or errors committed.

One of the most important waysto aid driver performance
is to develop designs in accordance with prevalent driver
expectancies. Unusual design features should be avoided,
and design elements should be applied consistently through-
out a highway segment. Care should also be taken to main-
tain consistency from one segment to another. When drivers
obtain the information they expect from the highway and its
traffic control devices, their performance tends to be error
free. Where they do not get what they expect, or get what
they do not expect, errors may result.

Design Consistency

Design consistency is the conformance of a highway’s
geometric and operational features with driver expectancy.
Measures that have been used to assess design consistency
are changes in predicted 85" percentile speed, driver infor-
mation handling, driver workload, changesin predicted road-
way safety, and lane positioning.

Consistency with respect to these measures can help to
ensure that roadway designs are developed that minimize the
potential for driver error.

Driver Error

A common characteristic of many high-crash locations is
that they place large or unusual demands on the information-
processing capabilities of drivers. Inefficient operation and
crashes usually occur where the driver’s chances for
information-handling errors are high. At locations where
information-processing demands on the driver are high, the
possibility of error and inappropriate driver performance
increases.

Errors Due to Driver Deficiencies

Many driving errors are caused by deficiencies in a driv-
er's capahilities or temporary states, which, in conjunction



with inappropriate designs or difficult traffic situations, may
produce a failure in judgment. For example, insufficient
experience and training may contribute to adriver’sinability
to recover from a skid. Similarly, inappropriate risk taking
may lead to errors in gap acceptance while passing (9). In
addition, poor glare recovery may cause older driversto miss
information at night (10).

Adverse psychophysiological states also lead to driver
failures. These include decreased performance caused by
alcohol and drugs, for which a link to crashes has been
clearly established. The effects of fatigue, caused by sleep
deprivation from extended periods of driving without rest or
prolonged exposure to monotonous environments, or both,
also contribute to crashes (11).

It is not generally possible for a design or an operational
procedure to reduce errors caused by innate driver deficien-
cies. However, designs should be as forgiving as practical to
lessen the consequences of such failures. Errors committed by
competent drivers can be reduced by proper design and oper-
ation. Most individual s possessthe attributesand skillsto drive
properly and are neither drunk, drugged, nor fatigued at the
start of their trips. When drivers overextend themselves, fail to
take proper rest breaks, or drive for prolonged periods, they
ultimately reach aless-than-competent state. Fatigued drivers
represent a sizable portion of the long-trip driving population
and should therefore be considered in freeway design.

Although opinions among experts are not unanimous,
there is general agreement that advancing age has a del eteri-
ous effect on an individual’s perceptual, mental, and motor
skills. These skills are critical factorsin vehicular operation.
Therefore, it isimportant for the road designer to be aware of
the needs of the older driver, and where appropriate, to con-
sider these needs in the roadway design.

Some of the moreimportant information and observations
from recent research studies concerning older driversis sum-
marized below:

1. Characteristics of the Older Driver. In compari-
son to younger drivers, older drivers often exhibit
the following operational deficiencies:

 dower information processing,

* slower reaction times,

* slower decision making,

* visual deterioration,

* hearing deterioration,

* decline in ability to judge time, speed, and
distance,

* limited depth perception,

o limited physical mobility, and

* side effects from prescription drugs.

2. Crash Frequency. Older drivers are involved in a
disproportionate number of crasheswherethereisa
higher-than-average demand imposed on driving
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skills. The driving maneuvers that most often pre-
cipitate higher crash frequencies among older dri-
versinclude:

» making left turns acrosstraffic,

» merging with high-speed traffic,

 changing lanes on congested streets in order to
make aturn,

* crossing a high-volume intersection,

* stopping quickly for queued traffic, and

* parking.

3. Countermeasures. The following countermea-
suresmay helpto alleviate the potential problems of
the older driver:

* assessall guidelinesto consider the practicality of
designing for the 95th- or 99th-percentile driver,
as appropriate, to represent the performance abil-
ities of an older driver,

 improve sight distance by modifying designs and
removing obstructions, particularly at intersec-
tions and interchanges,

e assess sight triangles for adequacy of sight
distance,

* provide decision sight distances,

e simplify and redesign intersections and inter-
changes that require multiple information, recep-
tion and processing,

« consider alternate designs to reduce conflicts,

* increase use of protected left-turn signal phases,

e increase vehicular clearance times at signalized
intersections,

* provide increased walk times for pedestrians,

* provide wider and brighter pavement markings,

* provide larger and brighter signs,

* reduce sign clutter,

 provide more redundant information such as
advance guide signs for street name, indications
of upcoming turn lanes, and right-angle arrows
ahead of an intersection where a route turns or
where directional information is needed,

* enforce speed limits, and

* increase driver education.

In roadway design, perhaps the most practical measure
related to better accommodate older driversisan increasein
sight distance, which may be accomplished through
increased use of decision sight distance. The gradual aging
of the driver population suggests that increased use of deci-
sion sight distance may help to reduce future crash frequen-
ciesfor older drivers. Where provision of decision sight dis-
tance is impractical, increased use of advance warning or
guide signs may be appropriate.
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Errors Due to Situation Demands

Drivers often commit errors when they have to perform
several highly complex tasks simultaneously under extreme
time pressure (12). Errors of thistype usually occur at urban
locations with closely spaced decision points, intensive land
use, complex design features, and heavy traffic. Information-
processing demands beyond the drivers’ capabilities may
causeinformation overload or confuse drivers, resulting inan
inadequate understanding of the driving situation.

Other locations present the opposite situations and are
associated with different types of driver errors. Typically
these are rural locations where there may be widely spaced
decision points, sparse land use, smooth alignment, and light
traffic. Information demands are thus minimal, and rather
than being overloaded with information, the lack of infor-
mation and decision-making demands may result in inatten-
tiveness by drivers. Driving errors may be caused by a state
of decreased vigilance in which driversfail to detect, recog-
nize, or respond to new, infrequently encountered, or unex-
pected design elements or information sources.

Speed and Design

Speed reduces the visual field, restricts peripheral vision,
and limits the time available for drivers to receive and
process information. Highways built to accommodate high
speeds help compensate for these limitations by simplifying
control and guidance activities, by aiding driverswith appro-
priate information, by placing this information within the
cone of clear vision, by eliminating much of the need for
peripheral vision, and by simplifying the decisions required
and spacing them farther apart to decrease information-
processing demands.

Current freeway designs have nearly reached the goal of
allowing drivers to operate at high speeds in comfort and
safety. Control of access to the traveled way reduces the
potential for conflicts by giving drivers a clear path. Clear
roadsides have been provided by eliminating obstructions or
designing them to be more forgiving. The modern freeway
provides an alignment and profile that, together with other
factors, encourages high operating speeds.

Although improved design has produced significant bene-
fits, it hasalso created potential problems. For example, driv-
ing at night at high speeds may lead to reduced forward
vision because of the inability of headlights to illuminate
objectsinthedriver’ spath in sufficient timefor somedrivers
to respond (13). In addition, the severity of crashesis gener-
ally greater with increased speed.

Finally, the very fact that freeways succeed in providing
safe, efficient transportation can lead to difficulties. The
Ingtitute of Traffic Engineers (14) indicated that “ Freeways
encourage drivers to extend the customary length and dura-

tion of their trips. This results in driver fatigue and slower
reaction as well as areduction in attention and vigilance.”

Thus, extended periods of high-speed driving on highways
with low demand for information processing may not always
be conducive to proper information handling by drivers and
may therefore lead to driver fatigue. Highway design should
take these possible adverse effects into account and seek to
lessen their consequences. For example, long sections of flat,
tangent roadway should be avoided and flat, curving align-
ment that follows the natural contours of the terrain should
be used whenever practical. Rest areas spaced at intervals of
approximately one hour or less of driving time have also
proved beneficial.

Design Assessment

The preceding sections of this chapter have described the
way drivers use information provided by the highway and its
appurtenances. This discussion has shown the interdepen-
dence between design and information display. Both should
be assessed in the design of highway projects.

Because drivers “read” the road and the adjacent envi-
ronment and make decisions based on what they see (even
if traffic control devices making up the formal information
system indicate inconsistencies with the driver's view), a
highway segment that is inappropriately designed may not
operate safely and efficiently. Conversely, an adequately
designed highway may not operate properly without the
appropriate complement of traffic control devices.

Designers should consider how the highway will fit into
the existing landscape, how the highway should be signed,
and the extent to which the information system will comple-
ment and augment the proposed design. Theview of theroad
isvery important, especially to the unfamiliar driver. There-
fore, consideration should be given to the visual qualities of
the road. This can be accomplished through the use of 3-D
computer visualization programs.

Locations with potential for information overload should
be identified and corrected. The adequacy of the sight lines
and sight distances should be assessed, and it should be deter-
mined whether unusual vehicle maneuvers are required and
whether likely driver expectancies may be violated.

Roadway designs can be assessed for potential inconsis-
tencies with regard to 85" percentile speed. FHWA has
developed a tool that can be used to predict where large
changes in 85" percentile speed may occur on rural two-lane
roadways: the Interactive Highway Safety Design Model
(IHSDM). This model allows the user to detect locations
where the changesin 85" percentile speed may lead to safety
problems on the completed roadway.

Designers can also use design consistency rules for rural
two-lane roadways devel oped in NCHRP 15-17 to determine
where design inconsistencies related to changes in predicted

safety, speed, and lane positioning may be found. Rules for




detecting design inconsistenciesrelated to cross section, hor-
izontal and vertical alignment, driveways, railroad grade
crossings, sight distance, narrow bridges, and decision fre-
guency were developed in the study.

Potential driver problems can be anticipated before a
facility isbuilt by using information about the driving tasks
and possible driver errorsto assess the design. When trade-
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offs are appropriate, they should be made with the drivers’
capabilities in mind to ensure that the resultant design is
compatible with those capabilities. Properly designed high-
ways that provide positive guidance to drivers can operate
at ahigh level of safety and efficiency; therefore, designers
should seek to incorporate these principles in highway
design.




Abbreviations used without definitions in TRB publications:

AASHO
AASHTO
APTA
ASCE
ASME
ASTM
ATA
CTAA
CTBSSP
FAA
FHWA
FMCSA
FRA
FTA
IEEE
ITE
NCHRP
NCTRP
NHTSA
NTSB
SAE
TCRP
TRB
U.S.DOT

American Association of State Highway Officials
American Association of State Highway and Transportation Officials
American Public Transportation Association
American Society of Civil Engineers

American Society of Mechanical Engineers

American Society for Testing and Materials

American Trucking Associations

Community Transportation Association of America
Commercial Truck and Bus Safety Synthesis Program
Federal Aviation Administration

Federal Highway Administration

Federal Motor Carrier Safety Administration

Federal Railroad Administration

Federal Transit Administration

Institute of Electrical and Electronics Engineers
Institute of Transportation Engineers

National Cooperative Highway Research Program
National Cooperative Transit Research and Development Program
National Highway Traffic Safety Administration
National Transportation Safety Board

Society of Automotive Engineers

Transit Cooperative Research Program
Transportation Research Board

United States Department of Transportation
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